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Well-oriented thin films of YBa2Cu307_8 (Y123) with a transition temperature (Tc) = 90
K and a critical current density (Ic) > lo6 A/cm2 have been prepared by magnetron sputtering
and laser ablation on SrTiO3 and LaA103 substrates. The temperature-dependence (T-dependence) of JC has been obtained from M-H loops by the ac loss method, which greatly reduces the
error due to the trapped magnetic field effect. At higher temperatures, the JC vs T curves were

found to have the formJc a [l- (T/Tc)]’ across a very broad temperature range. We have shown
that ac loss measurement is a preferred reliable method to extract the T-dependence ofJc of thin
films. Our results also demonstrate that this T-dependence ofJc does not depend on preparation
technique, the shape of the sample and the substrate. It seems that the main dissipation
mechanism of the best thin films is very similar to that of the weak-link dominated thin films.

The critical current density (J,) in thin-film, oxide, high-temperature superconductors
(HTS’s) is of fundamental scientific and technological interest. Following Tinkham,’ when .J, is
limited by flux creep, J,(B,t), where B is the magnetic field and L = (T/7’,) < < 1, is given by

J,(BJ) = J,(B, 0) [l - a(B)t - pt”]

(1)

where a is a function of B and /3 is constant. In the theoretical models, the granular superconductors are considered as an array of identical Josephson-coupled superconducting grains arranged on a cubic lattice. ‘-’ For SIS junctions, Ambegaoka and Baratoff’ predict the T-dependence of J, close to T, as
L(t) fzK (1 - t)

(2)

J. Clem3 showed that when the coupling energy between the grains is much higher than the condensation energy of a grain, J&7’) is given by
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(3)

In the case of SNS junctions, de Gennes4 used a spatially-dependent pair potential to describe
boundary effects in superconductors. In a simplified form of this model, J. ClarkeS gave the following expression for J,(T) of an SNS junction

(4)
where a is the thickness of the normal metal barrier and .&(Tc) is the penetration depth of the
electron pairs into the metal. Close to T,, J. Clarke’ found that
J,(T) cc (1 - t)2

(5)

and at low T, the exponential term dominates
J,(t) 0: exp[-b&l
where b is a constant. As seen from Eqs. (l)-(6), the T-behavior of J, is an important source
of information about the quality and the mechanism limiting the J,.
In this paper we report detailed Jc(T) measurements using a variable-temperature vibrating sample magnetometer at moderate fields (up to 1 T) on high quality c-axis oriented Y123
films which were prepared by dc-magnetron sputtering on a SrTi03 substrate (Sample 1) and
laser deposition on a LaA103 substrate (Samples 2 and 3). The dimensions of the samples were
10 mm x 5.7 mm x 220 nm (Sample 1) and 9.45 mm x 5.7 mm x 220 nm (Sample 2). To fabricate Sample 3, 220 nm-thick films were cut from Sample 2 and were patterned into the form of
a ring (inner radius = 2.4 mm, outer radius = 2.5 mm) using an ion beam etching technique.
T, was measured with the standard ac four-probe method. The T,, was 90 K for all samples.
The field was applied perpendicular to the surface of the films (e.g. parallel to the c-axis of the
samples). The temperature of the sample was measured at H = 0 with a calibrated Platinum
thermometer. A very low frequency alternating cycle was simulated by sweeping the field at a
constant rate from +Hmax to -H,, and back. Such loops were drawn for the same value of
Hmax at different 7’s.
Figure 1 shows a typical magnetization curve M(H) for Sample 2 with sweep amplitude
H max of 1 T at 57 K. The ac-loss method was used to obtain the T-dependence of J, with very
small error from the trapped magnetic field effect. The hysteresis loss for the frequency v per
cycle6 was
(7)
from Eq. (7), one can get6
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FIG. 1. Magnetization curve of Sample 2 (T = 57 K; M I a,b-plane)

and
W = g

dH(-47rM)

(9)

f

where V is the volume of the sample, 1/4n

dH(-4n M) is the area of the hysteresis loop in a
f
magnetization experiment, and t is time. There are many models for the T- and H-dependence

of J,, including

=

JC

J,(T)

C7)

(10)

J, = J,(T)/(l + Hi/H,) c8)

(11)

Jc

= J , ( T ) ( 1 - If,/&) (‘1

(12)

Jc

= J,(T). (Hi/II,)-“,

J, =

J , ( T )

n = 0.25

[esp(--H;/H,)] (12)

to

1 (‘O,“)

(13)
(14)

where Hi is the local magnetic field and HO is a material parameter with the dimension of a magnetic field. In this work, wc assume
,I, = J,(T) J(E)

(19
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wheref(B) is any function of B. Combining Eqs. (15) and (8), we get
w = J,(*)i* dtlJ~d&(<t)l(B(<t))

(16)

for %,x > > HP (about 100 Gauss in these thin films), where HP is the field of full penetration
in the critical model. When the external field H changes from H,, to -HmaX, B(r) will vary
aproximately from II,,,= to -H,,, as well. We also know that

vx

_qr,q = (_t) @p

Since aBlat = dH/dt, E(r;t) is approximately a function of the external field, H. So we get
w = J,(T) JyKnax, 4

.

(17)

Equation (17) implies that if H,,,, and v are kept at constant values, F(Hn,,,,v) should not
change with T. So, from Eqs. (17) and (9), we conclude that the T-dependence of W determines
the T-dependence of J,. Fig. 2 is the plot of reduced hysteresis losses WIW(25K) vs (l-t), where
t = T/T,, in log-log scale. The broken line in Figs. 2 and 3, given by [(l-t)“/(l-25 KIT,)“] shows
that J, - (l-t)” for all samples we measured across a very broad temperature range.
According to Bean’s model, the relationship between J, and AM is given by the formulaI

(18)

J, = 10 [M+(H) - M_(H)] /A, [ 1 - (A,/3Az)] V

1
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FIG. 3. The reduced ac losses, W(T)/W(25K), vs t for Samples 1,2, and 3.

where At and Al are the short and long sides of the sample, respectively, in cm; M+(H) and
M_(H) are the magnetization of the decreasing and increasing field branches, respectively, in
emu (see Fig. 1); and I/is the volume of the thin film in cm3. In this calculation, we neglected
the anisotropic effect ofJ, in the a,b-plane of the crystal. We also assumed that J, is independent
ofB.
For Sample 3, the ring, Bean’s model gives
J, = 30[M+(H) - M_(H)]/27rd(R; - Rf)

(19)

where d is the thickness of the ring and RI and Rz are the inner and outer radii of the ring,
respectively.
In Figs. 4-6, the plots in log-log scale of J, vs (l-f) are shown. The data was deduced from
AM(H), using Eqs. (18) and (19) with different fields for Samples 1, 2, and 3. As H varies from
0.0 T to 0.08 T, n varies from 1.5 to 2.2 where n is given by J,(T) a (1-t)“. The plots of II vs
H appear in Fig. 7. We can see that n changes very rapidly as it approaches H = 0. When
II = 1.71, 1.65, and 1.57 in Samples 1, 2, and 3, respectively, where H > > Hp and II =
2 for all samples. According to Bean’s model, one always has a field gradient inside the sample

H = 0,

in the critical state. Using Eqs. (18) and (19), J, is calculated over a range of H. Fig. 8 shows
J, vs H for Samples 2 and 3 at T = 57 K. In our experiment, Samples 2, a rectangle, and 3, a
ring, were fabricated from the same sample. Thercforc, it is cxpccted that J, should be the same
in Samples 2 and 3. However, Fig. 8 shows that thcJ, for the two samples is quite different near
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FIG. 4. T-dependence of Jc for Sample 1

H = 0. When H is higher, bothJ,‘s

become the same value, which is predicted by Bean’s model.

This is because the trapped field effect becomes important at low H field. Samples with different shapes have different B fields trapped inside. We also know that trapped B is proportional to Jc in thin films.‘” Experimental values also show that, as T changes from 4.2 to 77 K,
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FIG. 5. ‘I’-dcpcndcnce of J, for Sample 2
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FIG. 6. T-dependence of Jc for Sample 3.
J, changes by one order of magnitude. So B is not the same at different Jc’s near H = 0. This
implies that when H = 0 for different T’s, B changes. Because of this, Jc calculated by Bean’s
model at different 7”s had different B’s. B depends on the size and shape of the sample, as well
as T at low H field. Fig. 1 shows that AM changes very rapidly near H = 0. This means that
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FIG. 8. Jc vs H at 57 K for Samples 2 and 3.

small changes in H will cause large changes in J, near H = 0. If J,(r,‘B) = J,(T)*f(B), the Tdependence of J, calculated by keeping H constant, does not give the actual T-dependence of
J,(T). The T-dependence will be affected byf(B), since B changes rapidly with T near H = 0.
This effect may explain why a sample has different Jc’s when it has different shapes and why
Jc a (l-t)” (n = 1.5 to 2.2) has been obtained in this work when a trapped B field was not considered. We already know that Bean’s model is good for H > > Hp. Our experiment shows
that when H > > Hp, the T-dependence of J, is of the form J, a (l-f) “, 11 = 2. The value is
consistant with the value calculated by the ac-loss method.
The T-dependence of J, in these thin films is of the form (1-t)’ over a very broad T-range.
The range of T is much wider than the T-range (T near T,) which was suggested by the SNS
model. D. W. Chang et ~1.~’ reported on the analysis of Y123 films using x”(T) measurement.
It was found that when J, < lo6 A/cm’,

the T-dependece of 1, still behaves as J, a (1-t)l near

T,.
In summary, we have prepared well-oriented Y123 HTS films on single-crystal SrTi03 and
LaA103 using a magnetron sputtering technique and laser deposition. Magnetization curve
measurements were performed using a vibrating-sample magnetometer over a wide range of
temperatures. The T-dependence ofJ, was calculated from the magnetic hysteresis loops by the
ac-loss method, which greatly reduces the error due to the trapped magnetic field effect. The
J, vs T curves were found to have the form J, a [l - (t)]” over a very broad T-range. This Tdependence of J, does not depend on preparation technique, the shape of the sample, or the
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substrate on which the sample is deposited. It seems that the main dissipation mechanism of
the best thin films is very similar to that of the weak-link dominated thin films.
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