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Thickness dependence of the irreversibility line in YBazCu307 „ thin films
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We report a determination of the irreversibility line in the field-temperature plane of
YBa2Cu30, „ films measured by ac susceptibility. For films thicker than —1000 A, H;„ is similar
to that observed in single crystals even though the critical current in the films is orders of magni-

0
tude larger. However, for films thinner than 1000 A, the irreversibility line is observed to shift to
lower temperatures. This suppression is discussed in terms of various models for the irreversibility
line.

INTRODUCTION

One of the most intriguing properties of the high-T,
superconductors is the existence of a large region in the
field-temperature (H T) plane -below the mean-field line
H, z ( T), where a linear diamagnetic response is ob-
served, ' and of a line H;„(T), below which the magnet-
ic properties become irreversible and the I-V curves de-
velop nonlinear character at low currents. This
phenomenon was first observed by Muller et al. ' in
ceramic samples of La-Ba-Cu-O. Making dc magnetiza-
tion measurements, they found that the zero-field-cooling
(ZFC) and field-cooling (FC) curves coincided in the re-
gion between T, and a certain lower temperature T;„.
They also found that (T, —T;,„)-H, where H is the
applied magnetic field, and proposed the first theoretical
description of this behavior based on an analogy with the
spin glasses. ' In that model the material was described
as a disordered network of weak links connecting super-
conducting nodes. Although it was tempting to associate
this network with the granular characteristics of the
ceramic samples, simple scaling arguments' showed that,
if the irreversibility line was caused by a granular behav-
ior, then granularity occurs in a scale much smaller than
the typical ceramic grains. The irreversibility line was
later observed in YBazCu30& (Ref. 6) and Bi-Sr-Ca-
Cu-O (Ref. 7) crystals, in untwinned YBa2Cu307 crys-
tals, and YBa2Cu307 films, showing that it is an in-
trinsic property' not directly related to any particular
preparation technique or high-T, system.

Even more puzzling than the universal presence of the
irreversibility line is the fact that its position in the H-T
plane is almost independent of the structure of defects ex-
isting in a sample. It was shown, " for instance, that this
transition coincides in ceramics and single crystals of Bi-
Sr-Ca-Cu-O. We have recently found' that the position
of H;„(T) in YBazCu307 single crystals is almost
unaffected by proton irradiation, although the critical
current J, is increased by up to 2 orders of magnitude by
that treatment. The irreversibility line represents the line
of the H-T plane where the critical current drops to zero,

and so it is surprising that its position is not affected by
the large change in J, . At a first glance, these results sug-
gest that a melting model' ' is the most natural to ex-
plain the origin of the irreversibility line. According to
this model, the location of the phase boundary is
governed by the competition between the thermal energy
and the elastic energy of the vortex lattice, the pinning
energy playing no role in this picture, although it is
necessary to have some pinning to account for the ex-
istence of a critical current in the frozen phase. A more
careful analysis shows, ' nevertheless, that the melting
model also has difficulties in explaining those results.
Moreover, the lack of dependence of the location of H;„
on J, does not appear to be a universal; recent results'
show a large shift of the irreversibility line of Bi-Sr-Ca-
Cu-0 single crystals after neutron irradiation.

Although the existence of an irreversibility line is a
well-established fact, its underlying physics is far from
being understood. A wide variety of models have been
proposed including the Josephson coupled glass model, '
giant flux creep, ' vortex lattice melting, ' ' vortex glass
melting, ' and transitions within an entangled Aux liquid
state. ' None of these models is yet developed well
enough to provide clear quantitative predictions for the
various experimental observations, and all have problems
explaining some of the existing results.

This paper presents a new experimental observation of
the reversible-irreversible transition —namely, the thick-
ness dependence of the location of H;„,( T) in
YBa2Cu307 thin films. We first show that the irrever-
sibility line of YBazCu307, thin films in the H~~c axis
configuration lays close to that of single crystals, provid-
ed that the films are thicker than —1000 A. This is by it-
self a notable result, considering that below H;„(T) the
critical currents of films and crystals typically differ by 2
orders of magnitude, and again indicates a pinning-
independent location of the onset of irreversibility. We
also show that films thinner than 1000 A show a progres-
sively depressed H;„ in the H~~c geometry. This result is
discussed in the context of the various proposed models
for the H;„(T) line.
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EXPERIMENTAL RESULTS

Irreversibility line of crystals and thicker films

We have studied laser-ablated thin films of
YBa2Cu307 with thickness between 100 and 10000 A,
epitaxially grown on (100)SrTio& substrates, with the
Cu-O planes parallel to the substrate surface. The details
of the fabrication have been reported previously. ' Films
of different thickness were prepared by varying the num-
ber of laser pulses used for ablation ( —0. 5 A/pulse). The
thickness of the films was measured with the aid of a
mechanical profilometer with a submicron stylus (Sloan
Dektak 3030). Rutherford-backseat tering spectroscopy
(RBS) was used to estimate the thickness of the thinner
films. The accuracy of the measurement, particularly for
the thinnest films, is +50 A. X-ray analysis shows no evi-
dence of secondary phases or regions with different crys-
tallographic orientation, within the experimental resolu-
tion (about 5%).

We have measured the irreversibility line using an ac
susceptibility technique. The films were fixed on a small
copper coil which is driven with a small ac current. A dc
field up to 9 T was applied parallel to the c axis of the
film. The inductance and the resistance of the coil were
recorded as a function of temperature and dc field. The
inductance change AI. is proportional to the real part of
the susceptibility of the sample, y', and the resistance
change AR is proportional to the imaginary part g".
During the first stage of our measurements, we followed
the usual approach of taking the maximum in y" as the
definition of the irreversibility line. It is known that
H;„(T) defined in this way shows a small frequency
dependence in YBa2Cu307 „crystals. All the results
presented here were obtained using an ac field of 1 MHz.

Figure 1 shows the location of the irreversibility line of
several laser-ablated YBa2Cu307 films in the H- T
plane. The corresponding results for a typical
YBa2Cu30~ „single crystal' are shown in the same
figure for the purpose of comparison. It has been found
that H;„(T) is very similar for a large number of different

crystals. Although the critical temperatures of the films
are typically a few degrees lower than those of the crys-
tals, this minor difference does not affect the main and
surprising fact —namely, that H;,„(T) is very similar for
films and crystals, although it is known that the J, of the
films is typica11y 2 orders of magnitude larger than for the
crystals. ' This result reinforces our previous con-
clusion' that the location of H;„(T) is largely indepen-
dent of the density of defects in the sample.

Thickness dependence

Figure 2 shows H;„(t) (where t = T/T, ) for films rang-
ing between 100 and 10000 A. T, is defined as the posi-
tion of the maximum of g" at H =0. It is clear that the
thinner films show a depressed irreversibility line. For
clarity, only some of the samples are included in this plot.
The data plotted with the solid squares in Fig. 3 show the
reduced irreversibility temperature t;„at a particular
value of the applied field, H =7 T, for 12 films of
different thickness. It is clear from this plot that the
depression of H;„starts at —1000 A. The corresponding
results for typical single crystals are also included in the
same figure. The same analysis performed at different
fields shows similar results.

It is important to emphasize that this depression of
H;„„(T) is not a consequence of a general degradation of
the superconducting properties in the thinner films. In
fact, there is no evidence of degradation in any other of
the superconducting parameters as the thickness is re-
duced. Although there is some dispersion in the values of
T„all of them are in the range between 85 and 90 K and
exhibit no obvious correlation with the thickness. In par-

0

ticular, our thinnest film (100 A) has a very respectable
T, of 87.2 K. The T, of all the films shown in Fig. 3 is
listed in Table I. Also, the critical current of similarly
grown films has been shown ' to be almost independent
of the thickness. The presence of second phases cannot
explain the observed behavior either. It is known, for in-
stance, that epitaxially grown Y-Ba-Cu-0 films some-
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FIG. 1. Irreversibility line defined by the maximum in y" for
various Y-Ba-Cu-O laser-ablated films of different thickness and
for a typical Y-Ba-Cu-0 single crystal.

FIG. 2. Irreversibility line H;„(t) defined by the maximum in
y" for Y-Ba-Cu-O laser-ablated films of different thickness.
Here t is the reduced temperature, t = T/T, .
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FIG. 3. Irreversibility-reduced temperature t;,„=T/T„at
Hd, =7 T, for Y-Ba-Cu-0 laser-ablated films of different thick-
ness. Solid symbols are defined by the maximum in g", as in
Fig. 2. Open symbols are defined by the onset in y", as in Fig.
5. The rectangular boxes indicate the range of results for
numerous Y-Ba-Cu-O single crystals. The dotted lines are
guides to the eye.

times contain a-axis misoriented grains. The signal pro-
duced by those regions would correspond to the irreversi-
bility line as observed when the applied field is parallel to
the Cu-O planes. We have measured films in that
configuration and found that the irreversibility line is ap-
proximately five times steeper, as will be reported else-
where. If a significant amount of the a-axis oriented
phase were present in any of the films, that would pro-
duce a clearly resolved peak at higher temperature,
which is not observed. X-ray analysis indicates that
secondary phases, if any, represent less than 5% of the
films. As the sensitivity of our technique is proportional
to the area of the screening current loops, the signal cor-
responding to those small grains would be undetectably
small.

Amplitude dependence

The determination of the irreversibility line as the posi-
tion of the peak in g" has recently been criticized on

100
200
250
450
500
500
700

1000
1200
1500
6000

10000

87.16
87.51
88.49
88.56
85.90
86.98
85.22
89.10
89.49
87.29
90.01
87.77

TABLE I. Critical temperature of the measured films, as
determined by ac susceptibility.

Thickness (A)

the basis that the observed behavior of y' and y" does in-
dicate the presence of dissipation but not necessarily the
existence of irreversibility. In fact, a similar response
(namely, a drop in y' and a peak in y" ) is observed in a
normal metal due to purely electrodynamical properties.
In that case, the maximum in y" occurs when (ignoring a
geometrical factor of the order of unity), the skin depth 5
equals the thickness of the sample. As 5 depends on the
resistivity of the material and the frequency of the mea-
surement, it was argued that the temperature depen-
dence of the ac susceptibility of high-T, superconductors
could originate in the temperature dependence of the
Aux-Aow resistivity p~ and have no relation with the onset
of the irreversible behavior. Such a phenomenon has
indeed been observed and analyzed in NbTa alloy sam-
ples which were prepared to minimize the critical current
and thus the irreversibility of the magnetic response.

In spite of the similarities described above, the ac
response arising from a purely ohmic character (either
normal resistivity or flux fiow) and that arising from an
hysteretic behavior have an important difference. Since
the first case represents a linear response, y' and g" are
independent of the amplitude of the ac field used to
determine them. On the other hand, the ac susceptibility
of a superconductor having a finite J, is amplitude depen-
dent. In this last case, according to the critical-state
Bean model, the maximum in g" approximately occurs
when the ac field reaches the center of the sample.
Disregarding again geometrical factors of the order of
unity, this condition is fulfilled when H„=J,Xd/2,
where H„ is the amplitude of the ac field and d is the
relevant dimension of the sample (the thickness of the
film in our case). If g" is measured using two different
values of H„, the maximum observed for the larger am-

plitude corresponds to a larger value of J, and thus will

be shifted to lower temperature. The determination of
the amplitude dependence of the ac response thus pro-
vides important information about the mechanisms gen-
erating dissipation in a given sample. Figure 4 shows the
dissipation y" as a function of temperature of the 700-A
film for a dc applied field of 1 T. Each curve corresponds
to a different value of the ac field. It is seen that increas-
ing ac amplitude induces a broadening of the dissipation
peak and a shift of the maximum in y" to lower tempera-
tures, as predicted by the critical-state model and in qual-
itative disagreement with the behavior expected in a
purely ohmic regime.

The previous result demonstrates that the peak in y" in
these samples is indeed associated with irreversibility.
Nevertheless, the correlation between the position of the
maximum in y" and that of H,„(T) requires further
analysis. As mentioned before, the irreversibility line is
defined as the locus of the points in the H-T plane where

J, drops to zero. However, the maximum in y" corre-
sponds to a finite value of J,—namely, 2 H„/d, thus in-

troducing a systematic underestimation of T;„. This
fact is relevant to our analysis because, if we measure
films of different thickness with the same ac amplitude,
we are in fact determining the position of points with
higher J, in thinner films. This experimental artifact will
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FIG. 4. Dissipation peak b,R -y" as a function of tempera-
ture of the 700-A film for a dc applied field of 1 T. Each curve
corresponds to a di6'erent value of the ac field, as indicated in
the figure. The upper arrows indicate the. position of the max-
imum for each amplitude. The lower arrow indicates the
amplitude-independent position of the onset. The inset shows
the irreversibility line H;„(T) of the same film as defined using
either the maximum or the onset of y", for the three values H„.

also generate a fictitious downward shift of the measured
H;„,(T) of the thinner films. There is a simple way to
eliminate this problem: We can measure films of different
thickness using different ac amplitudes such that the ratio
H„/d remains constant. We have applied this "scaling
rule" to analyze our data, and the conclusion is that the
shift in the thinner films is much larger than what is ex-
pected according to this argument, thus confirming that
the depression of H;„(T) represents an intrinsic behavior
of the thinner films.

Although we have shown that the "amplitude depen-
dence" does not modify the qualitative conclusions about
the thickness dependence, it certainly affects the quanti-
tative analysis of the data. The most convincing way to
measure the temperature where J, =0 is to carefully ex-
amine the I-V curves. However, this procedure requires
making good contact to the samples and in the case of
films requires lithography to define a small enough sam-
ple to achieve the required sensitivity. ac susceptibility
does not require contacts, is much faster to run, and is
not as susceptible to artifacts due to inhomogeneities. So
we decided to search for a better experimental determina-
tion of H;„(T) that avoids amplitude-dependent compli-
cation. A possible approach is to measure g" for several
H„values and extrapolate the position of the maximum
to H„=O. This procedure is slow and has obvious exper-
imental difficulties. Another possibility is suggested by
inspection of Fig. 4. It is seen there that, while the posi-
tion of the maximum is amplitude dependent, the onset of
dissipation at high temperature is not. We can define an
H;,„(T) curve using an "onset" criterion. The experimen-
tal procedure used to define this point is shown in Fig. 4.
The inset of Fig. 4 shows the irreversibility line of the
700-A film measured with three different ac amplitudes
and defined using either the maximum or the onset of y".
It is apparent that the last definition gives results in-

FIG. 5. Irreversibility line H;„,(t) defined by the onset in y"
for the same Y-Ba-Cu-0 laser-ablated films of Fig. 2.

dependent of the amplitude of the ac field.
Figure 5 shows the irreversibility line of the same sam-

ples of Fig. 2, but now determined through the onset of
the dissipation. In this case T, is defined as the position
of the onset of y" at H =0. It is clear that the depression
of H;„ in the thinner films is also observed here. Finally,
the open squares of Fig. 3 correspond to t;„at H =7 T as
obtained with this definition. Again, the shift to lower
temperatures starts when the thickness of the film is
about 1000 A.

DISCUS SION

Many of the proposed models for the irreversibility line
are consistent with the observed suppression of the ir-
reversibility line in thinner films. The flux-creep models
describe the irreversibility line in terms of a crossover
from fast to slow flux dynamics determined by a pinning
potential. ' The pinning potential is typically modeled as
the condensation energy times the volume of the flux
bundle, H, Vb. As the sample thickness is reduced
enough to begin to reduce Vb, the reversibility line would
be suppressed, as we observe. However, recent transport
measurements in films support a true phase transition to
a vortex glass state at the irreversibility line, not a flux-
creep crossover. In the vortex glass model, ' the three-
dimensional nature of the sample is essential for the
phase transition to occur. The theory suggests that as the
films become thinner, a crossover from three- to two-
dimensional behavior would suppress the irreversibility
line. However, this model predicts a current-dependent
crossover, in contradiction with our observation of a
current-independent onset of irreversibility at all
thicknesses. A third class of models' suggest that an en-
tangled flux liquid could support critical current due to
an exponentially increasing viscosity below a temperature
where a barrier to flux line cutting develops. In this case,
when the films become thin enough to limit entangle-
ment, the irreversibility line would be suppressed. Al-
though all of the mentioned mode1s appear to be con-
sistent with our observation of suppression, none of them
is sufficiently developed to make quantitative compar-
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isons with our data.
In summary, we have shown that the irreversibility line

H;,„(T) of YBa2Cu307 „ films thicker than 1000 A coin-
cides with that of single crystals, in spite of the large
difference in their critical current density. Thinner films
have a progressively depressed reversible-irreversible
transition. We have analyzed the inhuence of the ampli-
tude of the measuring ac field in this phenomenon and
proposed an alternative experimental determination of
H;„(T) that gives amplitude-independent results.
Theoretical explanation of the results could involve the
response of the Aux dynamics governed by pinning poten-
tials, freezing of a Aux liquid into a vortex glass state, or a
viscosity transition in an entangled Aux liquid regime, but

theories involving these phenomena need further develop-
ment to make quantitative comparison possible.
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