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ac susceptibility and weak-link-free behavior in an epitaxial film of GdBa2Cu30,
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ac susceptibility p'+ig" of an epitaxial superconducting GdBa&Cu307 & thin film was measured as a
function of temperature and ac magnetic-field amplitude and frequency. Two separate loss peaks in the
imaginary part g" were observed only at low ac magnetic fields and frequencies. The first peak near T,
is much higher than the second one located at lower temperature which is ascribed to the loss incurred
because of Aux motion in a-b-axis-oriented components in this film. The grain boundaries existing in the
film are weak-link-free. The width of the first peak at 30% of the maximum is 0.5 K when the external
ac magnetic-field amplitude is 0.04 Oe (rms) and frequency 737 Hz. The temperature at the maximum of
the first peak is fairly linearly dependent on ac magnetic-field amplitudes. Temperatures at 90%, 50%,
and 10% of the transition in the real part g' give a good fit to a —,-power law of the magnetic field:

j,( T) =j0(1—T/T, )' is derived from y' at lower ac magnetic fields.

I. INTRODUCTION

High-temperature superconductors (HTSC's) are high-
ly anisotropic compounds, which stems from the impor-
tance of the strongly superconducting Cu-0 planes in
their structure. This layered structure gives rise to in-
trinsic pinning of flux lines parallel to the planes. The
weak superconducting coupling between the planes
causes flux lines perpendicular to the planes to be very
flexible. Therefore, this anisotropy will have an apprecia-
ble effect on the motion of flux lines in HTSC's. As the
ac susceptibility is related to the motion of flux lines, it is
believed if the ac susceptibility of a single crystal is mea-
sured when an ac magnetic field is parallel or perpendicu-
lar to one of its three principal axes, different results
should be observed in both orientations of the field.

Some measurements of the complex susceptibility
g'+ig" versus temperature have been done on powder
samples and single crystals of HTSC's. ' ' Two loss
peaks in the imaginary components y" were observed in
some of the work' with or without a dc magnetic field
superimposed. The first peak at the transition tempera-
ture was generally ascribed to the hysteresis loss of the
matrix, and the second peak at the lower temperature to
either that of grain boundaries or the ac-field-induced
dissipation at weak links. Aside from all these different
sources of the second peak, it can clearly be seen that the
second peak in Refs. 1—5 is much higher and broader
than the first. It means that the proportion of grain
boundaries to the matrix in the samples measured is very
large, and the effect of grain boundaries on the properties
of the samples measured is much greater than that of the
matrix. Moreover, temperature at the lower-temperature
end of the second peak was much less than 60 K at 10 Oe
(rms). It can also be seen that the second peak is very
sensitive to the ac magnetic field when this field changes
in a range from about 1 to 10 Oe (rms). This refiects the
characteristics of weak lines. Based on this phenomenon,
several models have been employed to explain the second
peak, such as the grain boundary model, " surface mod-

el, ' and Josephson-junction model. ' ' However, all
these models are connected with the weak-link behavior.

Dimos et al. ' ' have reported that J, is greatly re-
duced in the thin-film YBa2Cu30& s (YBCO) bicrystals
at high-angle grain boundaries (misorientation angle
~ 10') even in a small magnetic field. The reproducibility
of this result for a wide range of misorientation relation-
ships led them to conclude that all high-angle grain boun-
daries (high-angle GB s) act intrinsically as Josephson
junctions with the weak-link behavior. Thus, if ac sus-
ceptibility of an oriented film with high-angle GB s is
measured, the same magnetic-dependent behaviors like
those in Refs. 2, 3, and 5 should be observed as the conse-
quence of weak links.

This paper reports an experimental investigation and
theoretical analysis of ac susceptibility of an epitaxial
GdBa2Cu307 s (GBCO) thin film at the low ac magnetic
fields [between 0.04 and 1.02 Oe (rms)] and frequencies
(&1000 Hz). The work focused on the behaviors of
HTSC's at the transition temperature and properties of
grain boundaries, and aimed to improve our basic under-
standing of ac susceptibility of HTSC's as a function of
temperature and ac magnetic-field amplitude and fre-
quency. A series of samples deposited on LaA103 and
Zr02 substrates were studied. For simplicity and clarity
of exposition, only those experimental results of one su-

perconducting GBCO thin-film sample on a LaA103 sub-
strate are presented here.

II. EXPERIMENTAL DETAIL

The film of GdBa2Cu307 & was fabricated using the in
situ dc magnetron sputtering method. It was deposited
on a (100) LaA103 substrate. Detailed information about
the fabrication of the film can be found elsewhere. ' The
thickness of the film measured was about 0.7 pm.

The film was characterized using x-ray diffraction
(XRD) and scanning electron microscopy (SEM). From
the XRD pattern, the GBCO film on LaA103 is found to
be mainly c-axis oriented. The SEM micrograph of the
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film indicates that there are some rod-shaped particles ly-
ing on top of the film which are present in two mutually
perpendicular directions. It was believed' ' that these
particles are a-b regions in a predominantly c-axis-
oriented film matrix. In addition, it is believed that there
are also some a-b-axis-oriented components (a b-com-
ponents) in the inner part of our film because of their
comparably strong densities of x-ray diffraction.

The equipment ' was specially designed for use in
measuring the ac susceptibility of the films. The frequen-
cy range is from 2 Hz to 25 kHz, and the ac magnetic-
field amplitude is from 0.04 to 11 Oe (rrns). If frequencies
employed to measure the complex susceptibility are less
than 50 Hz, an appropriate ac magnetic field should be
used in order to obtain a su5ciently high signal-to-noise
ratio. The measurements were made with the magnetic
field approximately perpendicular to the surface of the
films, and null adjustment of a lock-in amplifier was made
at a temperature slightly above 77.8 K. The increasing or
decreasing rate of the temperature at the transition was
less than 0.25 K/min. The measured results were repro-
ducible as long as all experimental conditions were the
same. Compared with commercial equipment, this sys-
tem is very sensitive to the weak signal excited by thin
films at the transition temperature.

III. EXPERIMENTAL RESULT

The ac susceptibility y'+i y" of the film was measured
in a temperature range from 77 to 100 K. The data of the
real components y' versus temperature at different ac
magnetic-field amplitudes (Ho} and at 137 and 737 Hz
are shown in Fig. 1. Two transitions can roughly be ob-
served by a somewhat sudden change of the slope of
y'- T curves in the figure. The second transition, occur-
ring at a lower temperature than the first, reveals only a
smooth tail of the first transition. From Fig. 1, the onset
temperature [the temperature at which y' (or y" } begins
to change its values in a normal state into those in a su-
perconducting state] holds its value no matter how the
field changes.

With these data it is possible to exhibit the dependence
of the temperature at 10% (T,o), 50% (Tso), and 90%
(T9o} of the transition in the real components y' on the
ac magnetic fields. The results are shown in Fig. 2. A
linear dependence of each of these three kinds of temper-
ature on Ho is seen from Figs. 2(a) and 2(b).

Corresponding to two transitions in the real com-
ponents y', curves of the imaginary components y"
versus temperature reveal two separate loss peaks only at
low ac magnetic fields when the measuring frequency is
137 or 737 Hz. The data are shown in Figs. 3(a) and 3(b).
The temperature difference between the maxima of these
two loss peaks is 1.7 K when Ho is equal to 0.04 Oe (rms)
and frequency 737 Hz. If a loss peak (the first or second
peak) is divided into two parts from its maximum point,
the part at the lower temperature shifts a larger distance
to the low temperature than the other part at the higher
temperature when the ac magnetic field increases. It re-
sults in a broadening and an asymmetry of the peak.
Furthermore, like that in the real components g', the on-
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FIG. 2. Temperatures at 10%, 50%, and 90% of the transi-
tion in g' vs Ho (rms); the external ac magnetic-field amplitude
(a) at a frequency of 137 Hz, and (b) at a frequency of 737 Hz.

FIG. 1. g' as a function of temperature (a) at a frequency of
137 Hz and (b) at a frequency of 737 Hz in the different ac
magnetic-field amplitudes. The magnetic-field amplitudes Ho
corresponding to the curves labeled 1, 2, and 3 for 137 Hz are
0.0849, 0.399, and 1.02 Oe (rms); those labeled 1, 2, 3, and 4 for
737 Hz are 0.0425, 0.170, 0.509, and 1.02 Oe (rms), respectively.
Curves at 0.299 and 0.569 Oe (rms) for 137 Hz and at 0.0849,
0.340, and 0.679 Oe (rms) for 737 Hz are not shown in Fig. 1 for
clarity.
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FIG. 3. y" as a function of temperature {a) at a frequency of

137 Hz and (b) at a frequency of 737 Hz in the different ac
magnetic-field amplitudes. The magnetic-field amplitudes Ho
corresponding to curves labeled 1, 2, 3, 4, and 5 for 137 Hz are
0.0849, 0.229, 0.399, 0.569, and 1.02 Oe {rms), and for 737 Hz
are 0.0425, 0.0849, 0.509, 0.679, and 1.02 Oe (rms), respectively.
Curves at 0.170 and 0.340 Oe (rms) for 737 Hz are not shown in
(b) for clarity.

set temperature of a loss peak in the imaginary com-
ponents g" keeps its value at all the applied ac magnetic
fields. These two kinds of onset temperature (in g' and
g") are equal to each other. Aside from all these men-
tioned above, the most important result in the data on the
imaginary components is that the boundary between two
loss peaks becomes indistinct as the ac magnetic field in-
creases. These two loss peaks finally coalesce when the
field is larger than 0.34 Oe (rms) for both 137 and 737 Hz,
as shown in Fig. 3. This phenomenon is entirely different
from the results of Shinde et al. and Calzona et al. In
their work, the two separate peaks always stayed apart
from each other as H0 increased from about 1 to 10 Oe
(rms), and the distance between the maxima of two loss
peaks became larger and larger.

Because it is somewhat difficult to measure the width
of a loss peak (the first or second peak) in the imaginary
components y" in Fig. 3, the width at (1—1/&2)
( =30go) of the maximum of the first peak was measured.
Incidentally, the effect of the second peak on the width of
the first peak has been simultaneously eliminated. This
width versus Ho at 137 and 737 Hz is shown in Figs. 4(a)
and 4(b), respectively. The width of the first peak is 0.5
K when HO=0. 04 Oe (rms) and frequency is 737 Hz.
Moreover, because these two peaks begin to coalesce at
0.34 Oe (rms), it is difficult to quantitatively determine
how the width of the second peak changes with the field.
Nevertheless, it can be seen that the second peak is

FIG. 4. The width of the first peak in g" vs Ho {rms); the
external ac magnetic-field amplitude (a) at a frequency of 137
Hz and (b) at a frequency of 737 Hz.
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FIG. 5. Temperature at the maximum of the first peak in y"
vs Ho (rms); the external ac magnetic-field amplitude at frequen-
cies of 137 and 737 Hz.

broadened with increasing Ho. In addition, Fig. 4 shows
that the width of the first peak is quadratically broadened
as the ac magnetic field increases, but the broadened
magnitude is less than 1.5 K when the field increases
from 0.04 to 1.02 Oe (rms). As the first loss peak is
caused by the matrix, this small broadened magnitude is
therefore an indication of insensitivity of the first peak to
the ac magnetic fields.

Figure 5 shows the linear dependence of the tempera-
ture at the maximum of the first peak ( Tp) in y" on ac

magnetic fields for the film at frequency of 137 and 737
Hz. Within experimental uncertainty, the data of TI at
137 and 737 Hz fall onto the same straight line, without
any detectable difference. Especially, Tp moves to low
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temperatures when the ac magnetic field increases, but
the total displacement is only 0.56 K when the field
changes between 1.02 and 0.04 Oe (rms). Therefore, it is
another evidence of insensitivity of the first peak to the ac
magnetic field.

j,(T) ~ [(1 —N)HO/R] cos(tot) .

Inserting Eq. (1) into (3) at T~T„we have

j,(T) & jo(1 T9—Q/T )'

(3)

(4)

IV. DISCUSSION

In our experiment it can be seen from Fig. 3 that there
are two separate loss peaks only when the ac magnetic
field is less than 0.34 Oe (rms). They will finally coalesce
if the field continuously increases. Furthermore, the
height of the second peak is much smaller than that of
the first. When the ac magnetic field is 10 Oe (rms), the
temperature at the lower end of the combined peak (two
loss peaks have coalesced at such a high field) was equal
to 78.5 K. By a comparison between the y"-T curves in
Figs. 3(a) and 3(b) and by examining the changes in the
second peak with varying magnitudes of the ac magnetic
fields, we found that the behaviors of the second peak
were nearly the same as those of the first peak which have
been obtained in the discussion of Figs. 4 and 5. It is
weak-link-free.

It has already been mentioned that the width and Tp of
the second peak could not be determined through curves
in Figs. 3(a) or 3(b). However, the real components y'
can give some information about the second peak in the
imaginary components y". From Figs. 2(a) or 2(b), we
can see that T9p is involved in the second transition
which is corresponding to the second peak in g". There-
fore, its magnetic dependence should reflect the charac-
teristics of the second peak.

As with the other two temperatures T~p and Tsp, in
Figs. 2(a) or 2(b), T90 also gives a good fit to a —', -power
law of the magnetic field. That is,

Ho =H (0)( 1 —
T90 /T, )

where H(0) is Ho at T90=0 and T, is the transition tem-
perature. If a type-II superconductor changes from its
normal state into a superconducting state in an ac mag-
netic field [H(t) =Ho sin(tot)], two prerequisites must be
satisfied: First, Ho must be less than H,z(Ti), which is
the upper critical field at temperature T, . Second, the
induced-current densities j due to the field must be less
than j,( T2), which is the critical current densities at tem-
perature T2. We select the smaller one between T& and
T2 as T,'. Therefore, when T & T,* the superconductor is
in a superconducting state. For a type-II superconduc-
tor, there exists a mixed state when H„(T)
&Ho &H,2(T), where H„(T) is the lower critical field.
Using the equation E = dP/dt, where P i—s the flux vari-
able and t is the time variable, we have

j=[(1 N)HO/R] cos(cot), —

where N is the demagnetizing factor and R is the resis-
tance per unit area of the superconductor in the normal
state. Thus, when T approaches T,* from the higher-
temperature side, j must be equal or less than j,(T) for a
superconductor going into the superconducting state
from the normal state. That is,

where jo is equal to [(1—N)H(0)/R]cos(tot) T. he ex-

ponent is —'„which is equal to the theoretic value for a
thin film. For a weak-link junction, the critical current
densities at temperature T are given by

j,( T)= [m 6( T) /2eR„] tanh[b, ( T)/2k T],
where R„ is the tunneling resistance per unit area of the
junction existing in a superconductor in a normal state
and 2b, ( T) is the energy gap. When T is near T„j,( T) is
reduced to

(6)

Here, the exponent is 1.
Based on the magnetic-field-dependent behaviors of the

film mentioned above, which do not correspond to weak
links, and through a comparison between Eqs. (4) and (6),
we concluded that the second peak is free from weak
links. Its magnetic-field-dependent behaviors are similar
to those of the first peak. . Therefore, it is not the same
mechanism as that introduced in Refs. 2, 3, and 5 that
causes the second peak.

As there are some a-b components in our c-axis-
oriented film, high-angle GB s inevitably exist in the film.
If the conclusions of Dimos et al. ' ' imply inclusion of
these GB s in the high-angle Josephson-junction regime,
these GB's may be the cause of the second peak whose
magnetic behaviors are like those of the coupling peak in-
troduced in Refs. 2, 3, and 5. However, no weak-link be-
haviors in the second peak were observed on the basis of
the experimental results. It implies that these kinds of
GB are like those discovered by Babcock et al. These
authors have found that J, was not greatly reduced at
some high-angle GB in a bicrystal when a magnetic field
was applied. They concluded that at least some high-
angle GB's can carry significant supercurrents at 77 K in
high magnetic fields and they are weak-link-free. There-
fore, we believed that high-angle GB's existing in our film
are in this weak-link-free regime.

It is known that the imaginary components y" in ac
susceptibility y'+iy" are related to hysteresis loss at low
frequencies, and the hysteresis loss to the flux pinning.
As there are two kinds of oriented component in the film,
which are mainly e-axis-oriented components (because
the film is c-axis-oriented film) and a &components-, we
ascribed two peaks observed in y" to hysteresis loss, re-
spectively, occurring in both. But it only means that the
two peaks are caused by anisotropy of the pinning rather
than the respective pinning mechanisms existing in these
two components. In view of the fact that HTSC's are lay-
ered compounds, we believe that the intrinsic pinning
plays an important role in this pinning anisotropy. The
original model for intrinsic pinning assumed the flux lines
to be situated between the layers for magnetic fields in
the a bplane. When th-e coherence length g, perpendicu-
lar to the layer is of the order of the Cu-0 plane, spacing
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s at the low temperature or larger than s near T„' a
strong modulation of the order parameters arises and the
free energy of the superconductor is minimized. In other
words, the strong modulation of the parameters acts as
pinning centers when the flux lines are situated in be-
tween the layers. Clearly, it costs superconducting con-
densation energy for a flux line to cross a layer. Conse-
quently, they prevent the motion of flux lines across the
layers. For this reason, the pinning strength along the
a-b planes is stronger than that which is parallel to the c
axis. Therefore, for a c-axis-oriented film with a-b com-
ponents, this fact determines the loss in a-b components
occurring at a lower temperature than that in the c-axis-
oriented components as the field is parallel to the e axis of
the film. This is in accord with the experimental results.

In conclusion, performing ac susceptibility measure-
ments, we have observed that there were two loss peaks
in g" at different magnetic fields and frequencies in a su-
perconducting GdBa2Cu307 & thin film. The first peak is
caused by the matrix and the second peak is due to the

a-6 components in our c-axis-oriented thin film. It is a
direct consequence of the strong anisotropy of HTSC's.
From the real components y' we have deduced that
j,( T) =jo(1—T/T, ) at T, when the ac magnetic field
was less than 1.02 Oe (rms). Combining this information
with an analysis of the imaginary components g", we
have concluded that the GB's in our c-axis-oriented film
were weak-link-free.
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