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The behavior of the critical current density of Tl-Ca-Ba-Cu-O superconducting thin films in a cycling magnetic field
was investigated. The hysteresis of the transport J. manifested similar features to those found in polycrystalline Y-Ba-
Cu-0O and granular Nb, Al thin films in zero-field cooling. However, a novel result of the transport 'JC in field-cooled
samples has been observed. The results were attributed to the presence of a saturated trapped magnetic flux in the weak-
link network. The effects of temperature on both the trapped flux and the transport J, suggest the existence of various
states of the trapped flux in the Tl-based superconducting thin films.

KEYWORDS: TI-Ca-Ba-Cu-0 thin films, critical current, hysteresis, flux trapping

It is commonly accepted that the granular nature of all
the high-T, superconductor materials leads to their weak-
link-dominated behavior in the intergranular current
transfer and a small intergranular H.;." As a result, the
transport critical current density (J.) of the high-7, super-
conductors is markedly depressed even in very low ap-
plied magnetic fields and elicits a strong hysteresis when
the field is cycled due to flux trapping. Recently, several
groups have reported the observation of critical current
irreversibility in polycrystalline Y-Ba-Cu-O supercon-
ductors,*™ which shows a similar feature of transport J.
in granular aluminum and niobium thin film bridges.®
The field-dependent critical current density (J.(H)) was
evidently enhanced while the magnetic field was reduced
in its maximum value compared to its original increasing
path. Such history-dependent behavior of J.(H) is believ-
ed to be caused by the interactions between intergrain
and intragrain supercurrents.”> However, similar ex-
periments in Bi-Sr-Ca-Cu-O/Ag superconducting
wires” demonstrated the very weak or no hysteretic
behavior of J., indicating that the history-dependent
effect may not be universal and is sample-dependent. In
this letter, systematic studies of temperature and low
magnetic field (<3000 O¢) dependences of J. on a series
of Tl-Ca-Ba-Cu-0 superconducting thin films with vast-
ly different microstructure and zero field superconduct-
ing properties are reported. The results confirmed that
the history-ependent J.(H) is indeed a sample-dependent
property. Moreover, the equilibrium properties of flux
lines as delineated by the temperature effects showed
three distinct regimes which are believed to be responsi-
ble for the results observed.

Most of the TI-Ca-Ba-Cu-O superconducting thin
films used in the present study were made by single-target
dc sputtering with post-annealing.® The films were 1 to
1.2 ym thick. The film microstructure as delineated by

scanning electron microscopy (SEM) shows a rather
rough appearance with network-like permuted grains,
although the X-ray diffraction shows a mostly c-axis-
oriented structure. Critical current densities were
measured by the standard four-probe technique with a 1
wV criterion in the current-voltage characteristics. The
typical value of zero field J. ranges from 10* to 9 x 10°
A/cm? at 12K, depending on the detailed preparation
conditions. For comparison, films made by rf magnetron
sputtering (also with post-annealing) were also used.”
The rf-sputtered films exhibit a much smoother surface
and an epitaxy-quality c-axis-oriented structure. The
critical current density for these films was very high,
typically 5% 10° A/cm? at 90 K.

Besides the apparent microstructure differences, the
temperature-dependent critical current and resistivity for
the films used also exhibit a variety of distinct features, as
shown in Fig. 1. It is clear that all the films manifested a
pronounced dissimilarity in transition temperature, mor-
phology and critical current density under different
preparation conditions. As shown in Fig. 1(a), the zero
resistance transition temperatures of both the represent-
ative dc-sputtered (B, C, D) and rf-sputtered (A) films
ranged from 65 K to 106 K, indicating the relative quality
of the films. In comparison, the temperature-dependent
critical current densities for films A-D are plotted in Fig.
1(b). It is clear that in addition to the conspicuous
differences in the magnitude and slope of J.(7'), the films
which had a lower T, possessed a much higher-value J.
in the low-temperature region (e.g. compare samples B
and C in Fig. 1(b)). The X-ray diffraction analyses reveal-
ed that while all films were composed of both
T1,Ca,Ba,Cu;0, and T1,Ca,;Ba,Cu,O, phases, there were
differences in the degree of preferred orientation. The
results suggested that the transport critical current is
dominated by the degree of preferred orientation of the
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Fig. 1. The temperature dependences of the (a) normalized resistivity

and (b) critical current density for the rf (Sample A) and dc (Samples
B, C, D) sputtered TI-Ca-Ba-Cu-O superconducting thin films.

superconducting grains rather than the relative concentra-
tion of both superconducting phases. It is also noted that
the differences in transport J. may also arise from the de-
tailed microstructure which is closely related to the pin-
ning mechanisms.

With the variety of films as described above, we can
now proceed to see how J.(H) will behave in each of
these films. Figure 2 illustrates the transport critical cur-
rent density measured for sample C as a function of the
applied magnetic field after zero-field cooling (ZFC) to
12.5 K. The direction of the field was applied perpen-
dicular to the plane of the film, and the same configura-
tion was maintained for all the other measurements. The
transport J. of the ‘“virgin’’ curve falls precipitously with
increasing applied field, as shown in Figs. 2(a) and 2(b).
The results are consistent with the distinct feature of the
granular superconducting thin films."'® However, as the
magnetic field monotonically increases to its maximum
value H,,, the field-decreasing branches of J, are apparent-
ly enhanced over the virgin curves. In addition, peaks oc-
cur before the applied field is reduced to zero with the
peak heights depending on the H,, values (cf. Figs. 2(a)
and 2(b)). When the field is reduced to zero, the critical
current density is much lower than that of the virgin
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Fig. 2. Hysteresis of the transport critical current density for Sample

C after zero-field cooling to 12.5 K. The cycle of the applied magnetic
field proceeded as indicated by the arrows. The maximum applied
field was 405 Oe (a) and 2980 Oe (b).

state. The J.(H) curve in the negative field region shows a
symmetrical image to the positive curve with the sym-
metry axis located around H=6 Oe (see Fig. 2(a)). This
value was interpreted as the effect of the self-field.”
Similar behaviors were observed in other Tl-based
granular thin films except for sample A, which will be dis-
cussed in detail later. As has been mentioned previously,
the hysteresis of critical current density in low magnetic
field has been conjectured to be a common feature of
granularity. Accordingly, the weak-link network (WLN)
formed in the disorderly permuted superconducting
grains may form some supercurrent loops due to the
diamagnetic flux gradients on the increasing field portion
to trap some flux when the intergranular H,; is exceeded.
The establishment of the supercurrent loops exerts strong
influence on the phase relations between grains as well as
the transport current through the grains.>> As the ap-
plied field is reduced from H,, the flux gradients and
supercurrent loops will be reversed. Thus, if the
diamagnetic current acts to depress the intergranular
critical current, the reversed paramagnetic current will
act contrarily, resulting in an irreversible J.(H). If this is
true, one would expects the transport J,. to be an approx-
imately single-valued function of the applied magnetic
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field for the sample whose intergranular H.,; is larger
than H,. Indeed, the results of reversible transport
critical current density were observed for sample C with
applied field smaller than 50 Oe at 12.5 K.

In contrast to the weak-link dominated behavior de-
scribed above, nonhysteretic J.(H) was observed for sam-
ple A. Figure 3 shows the results measured at 91, 95 and
97 K with the applied H,, of 1380, 858 and 667 Oe, respec-
tively. These results are similar to that observed in Bi-Sr-
Ca-Cu-0O/Ag measured at 77 K.” In ref. 7, the lack of
hysteretic J.(H) was attributed to the absence of both pin-
ning and weak-link structures, leading to a huge thermal-
ly activated flux motion which repressed the hysteretic
effect. However, since in our case the critical current
remained very high even at temperatures close to T, it
seems that the lack of weak links is more active in the ob-
served differences. Combined with the results of sample
C at lower fields, this implies an intergranular H,,; larger
than many hundred oersteds, which is not surprising con-
sidering the near-epitaxial quality of the rf sputtered
films.

While the hysteretic J.(H) obtained after zero-field
cooling proved to be very sample-dependent and mostly
due to the flux trap in the weak-link network structure,
similar measurements performed in the field-cooled (FC)
state elicited completely different results. Figures 4(a) and
4(b) show the typical J. curves of samples C and D as
functions of decreasing applied field at 12.5 and 16.5K
after field-cooling from various magnetic fields. Ap-
parent enhancement of J. is observed as compared to the
ZFC virgin curve which is not shown in Fig. 4. (cf. e.g.,
Fig. 2). In addition to this enhancement, it is noted that
the peak positions of J. in the FC states have very weak
dependence on the initial field-cooled values (Hrc). This
is very different from what was observed in the Y-Ba-
Cu-O system? where a steep rise in J. near the applied
Hec was observed. The results, while interesting, are
difficult to reconcile due to the sample-dependent charac-
teristics of the complicated connected WLN. A tempting
interpretation is that under a FC state with the applied
Hre larger than its intergranular H;, the amount of flux
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Fig. 3. The field dependences of the critical current density for Sam-

ple A after zero-field cooling to 91, 95 and 97 K; O, field increase; +,
field decrease.

L 2039

trapped in each supercurrent loop has an upper limit
regardless of the initial Hrc. Since the hysteretic effects
are mostly due to the amount of the trapped flux, one
would expect the same peak location to occur in the
JA{H) curves, as observed in Fig. 4. Another important
feature is that in Fig. 4(a), the maximum value of J.
varies with the initial fields while in Fig. 4(b), in addition
to the small but evident oscillations in J., approximately
equal peak height is observed. Again, this is believed to
be due to the detailed nature of the WLN and the oscilla-
tions of J. could result from the additional Josephson
phase slip effects between the weakly coupled grains.
As has been demonstrated above, the trapped flux
affects JJ(H) significantly and gives rise to many in-
teresting phenomena. Since the structure of the trapped
flux lines depends on both the strength of the applied
field and the temperature, it would be illuminating to
delineate the influence of temperatures on J.(H). Details
of such an experiment are as follows:
1. Magnetic fleld, which was larger than the in-
tergranular H.; of the investigated sample, was applied
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Fig. 4. Critical current density measured in decreasing field after field

cooling for (a) Sample C with Hgc=3000 Oe (+); 1950 Oe (V); 1591
Oe (£); 418 Oe (1) at 12.5 K. (b) Sample D with Hgc=1920 Oe (A);
1550 Oe (+); 1040 Oe (O) at 16.5 K.
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for about 15 s after zero-field cooling to 14 K.

2. After removing the applied field, the depressed trans-
port critical current density was measured as J.(14 K).
3. The temperature was increased to a certain value,
named T‘emneal-

4. The thin film was cooled again to 14 K and the value
of J. taken, named J! (14 K).

5. The difference between J{(14K) and J.(14 K) was
calculated as 4J.=J!(14 K)—J.(14 K).

6. All the processes were repeated with a different Tanpea.
Because of the flux creep effect, the magnetization of a
superconductor decays with time logarithmically.'” In-
tuitively, similar time-dependent effects are expected for
the trapped-flux-induced J. depression. However, the
depressed critical current density of our Tl-based samples
remained unchanged for at least 72 hours at temperatures
of 12 and 50 K after removal of the applied field, thus the
results presented below should be taken as effects of the
temperature rather than of time. In Fig. 5, 4 J. versus
Tumnea is plotted for sample B as a representative; the dot-
ted line is drawn to guide the eye. Note that there are
three distinct regions present in the whole range of tem-
peratures. Below 30 K, 4 J. is essentially independent of
Tamea. The plateau between approximately 38~50K
manifested the second area where AJ. is no further
enhanced after the initial enhancement. While Toupea iS
higher than 50 K, A4 J; is linearly increased. Similar 4 J.
behavior was found in other Tl-based granular thin films
with slight differences in ‘‘transition temperatures’’,
which divides the characteristic of 4J. into the three
regions. Two possible explanations of the observed
results are proposed. Firstly, the magnetic flux lines
which were trapped in the films may escape due to the
thermally activated energy induced by the heating proc-
ess. Alternatively, the equilibrium structure of flux lines
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Fig. 5. AJ, versus the annealing temperature for Sample B.
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in the Tl-based superconducting material may exhibit
different phases in the temperature range studied. This
would determine the amount of flux which remained trap-
ped at T,uea, and hence exert various influences on the
depressed J.. Considering the time-independence effect,
the latter seems a more plausible explanation to give a
consistent picture. In light of these factors, Fig. 5 reflects
that in the temperature range from 14 K to above 90 K,
there are three equilibria or dynamic states for the flux
lines in TI-Ca-Ba-Cu-O superconducting thin films.
This may further correlate to the Abrikosov, vortex
glass, and flux-line-lattice melting states suggested by
many independent studies of the whole family of oxide
superconductors.'>'?

In summary, we have investigated the behavior of the
transport critical current density of Tl-Ca-Ba-Cu-O
superconducting thin films in a cycling magnetic field.
Hysteresis of the transport J. was observed after zero-
field cooling and features similar to those found in the
polycrystalline Y-Ba-Cu-O and granular Nb, Al thin
films were manifested. The flux trapped by the supercur-
rent loops in the WLN when the applied field exceeds the
intergranular H,,; of the films is considered to be responsi-
ble for the irreversibility of the critical current density. A
novel result of the transport J. of field-cooled samples
has been discovered. Furthermore, the effects of tempera-
ture on both the trapped flux and the transport J. suggest
the existence of various equilibria or dynamic states of
the trapped flux in the Tl-based superconducting thin
films.

The authors wish to thank Mr. C. Wang and Mr. M.
L. Chu for experimental assistance and helpful discus-
sions. This work at National Chiao Tung Univ. was sup-
ported by National Science Council of R.O.C. under
Contract NSC79-0208-M009-38.
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