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Percolative Behavior of the Superconductive Transition of YBa2Cu307 Films
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(Received 30 March 1990)

The superconductive transition of c-axis-oriented YBa2Cu307 thin films, as characterized by measure-
ments of the temperature dependence of the magnetic penetration depth, is found to occur below the
Ginzburg-Landau mean-field transition. The divergence of the penetration depth at the transition is in

good quantitative agreement with the predictions of a percolation model.

PACS numbers: 74.50.+r, 74.70.Mq

Scanning electron micrographs of high-temperature
superconducting ceramics create the impression of a
conglomerate of grains of size —1 pm, thereby requiring
the necessity to incorporate granularity in the description
of these materials and their physical properties. Coupled
with the knowledge of a pathologically short coherence
length, of the order of 10 A, ' which in no way can
smooth out the grainy structure, this leads quite natural-
ly to modeling these ceramics as networks of grains cou-
pled by Josephson weak links. Of course such a pic-
ture does not preclude the existence of intrinsic weak-
link effects within the material itself, as postulated by
Deutscher and Miiller, which are, however, if at all,
only observable with the utmost care and precaution in
single-crystal samples. Under normal circumstances the
strength (or weakness) of the grain-to-grain coupling is
expected to play a dominant role in determining macro-
scopic transport properties. In this paper we present
measurements of the penetration depth in two-
dimensional (2D), c-axis-oriented YBa2Cu307 (YBCO)
films. These measurements are in excellent agreement
with a percolation description of the films, based on the
assumptions that the grains are coupled via the usual
Ambegaokar-Baratoff tunnel-junction formula and that
the normal-state junction resistances R„obey a Gaussian
distribution. The characteristic features of 2D critical
fluctuations in the form of a Kosterlitz-Thouless-Bere-
zinski (KTB) vortex unbinding transition, in principle
present and observed in some cases, ' are completely
masked by the much more prominent consequences of
random coupling between the grains.

Thin films of YBCO were deposited onto polished
SrTi03 (100) substrates with an in situ (no annealing)
process using cylindrical "hollow cathode" magnetron
single-target sputtering. '' After some fine tuning, this
method was found to produce superior quality films. The
transport critical current density in these films increases
sharply below the mean-field transition temperature T,o,
to reach 10 A/cm at, typically, a reduced temperature
T/T, 0=0.8. In the following we will consider one
representative film of thickness d-200 A as determined
by Rutherford backscattering spectrometry. X-ray
analysis showed that the film was c-axis oriented. The
effective thin-film penetration depth A=2k /d, where X
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FIG. 1. Real, ReBV, and imaginary, ImbV, parts of the sig-
nal voltage measured at 3 kHz and the sheet resistance as a
function of temperature. Note the diff'erent temperature scales
for the resistive and inductive data, with a common point at
T=79 K.

is the bulk in-plane penetration depth, was deduced from
measurements of the film's screening properties. ' '
The film is positioned directly underneath a cylindrical
excitation coil and a coaxial gradiometer detection coil.
A current flowing in the excitation coil induces screening
currents in the film which in turn induce a signal in the
detection coil. From this signal, measured phase sensi-
tively, the complex sample impedance Z=R+iroLI, can
be extracted' and thus A from the sheet kinetic induc-
tance Li„since A =2Lk/po. In Fig. 1 the in-phase,
ReBV, and quadrature, ImbV, components of the signal
voltage measured at a frequency of 3 kHz are shown as a
function of temperature, and, on a difl'erent temperature
scale but with a common point at 79 K, the result of a
four-probe van der Pauw measurement of the dc resistive
transition. For these measurements, the ambient mag-
netic field was reduced to —1 mG with Mu-metal shield-
ing. The relatively low T,o (79 K) is probably caused by
the thinness of the film; thicker films (d) 1000 A)
prepared with the same processing method had, typical-
ly, a T,o of 90 K. The choice of such a thin film was dic-
tated by the need to increase A in order to improve the
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FIG. 2. Temperature dependence (circles) of A deduced

from the measurement of Fig. 1 and (solid line) the fit for A

according to Eq. (7). The dotted line above T, is the resistive
transition. T,o is given by the extrapolation to zero of the
linear part of A '; T, was determined from the fit and Eq.
(6). The dashed line is the Kosterlitz-Thouless prediction
A(T, )T„19.6 mm K.

measurement sensitivity. Notice that the inductive

response starts with the sheet resistance Ro=0, and that
the Reb V(T) component, characterized by a peak at the
transition, exhibits a low-temperature tail not normally
observed in such measurements. ' In Fig. 2 the result of
the analysis outlined above, applied to the measurement
of Fig. 1, is shown together with the dc resistive transi-
tion on the same temperature scale. The temperature
dependence of A ' is linear below -75 K and there is a
"jump" to zero setting in at -76 K. Except very close
to T,o, the screening properties of the film were found to
be quite insensitive to weak (up to 0.5 T) magnetic
fields. Together with the sharpness of both the resistive
and inductive transitions, this demonstrates the good
quality of this very thin film.

While the film's properties presented above demon-

strate that it certainly is not a system of loosely coupled
grains, we nonetheless assume that, at least in the transi-
tion region, granularity is the key feature. Accordingly,
for the interpretation of the temperature dependence of
A presented in Fig. 2, we follow the basic ideas set
forth by Deutscher et al. ' and Ebner and Stroud. ' All

the individual grains in the film become superconducting
at the same temperature T,o, however, two grains are
coupled only when the Josephson coupling energy EJ
exceeds the thermal energy kT. Charging effects are
neglected: The high transition temperature, the relative-

ly large grain size and the not exceedingly large junction
resistance guarantee that, at least in the transition re-

gion, the charging energy E, «kT. Then, if the coupling
between the grains follows some statistical distribution
function, the superconducting transiton becomes a bond
percolation problem. As the temperature is lowered, the

fraction p of coupled grains increases, the exact function-
al relationship p(T) being determined by the choice of
the independent random variable and its distribution
function. Since in our experiments we measure A(T), in

order to interpret the measurements in terms of a per-
colation model, an expression for A(p(T)) is necessary.
In Ref. 15 the helicity modulus I (proportional to the
superfluid density and hence to A ') in a three-
dimensional (3D) site-diluted granular superconductor
was shown to be proportional to the normal-state con-
ductivity o:

I (p)/I (I ) (p)/cr(1) . (1)
The grain size being of the order of 1 pm and the film

thickness -200 A, the percolation dimensionality is 2.
The validity of Eq. (1) was demonstrated by showing

that, at a given percolation probability, the superfluid
density is proportional to the conductance of the sample
in the normal state. ' It appears reasonable to assume
that this result, and therefore Eq. (1), is true in 2D as
well as 3D. A further caveat concerning Eq. (1) should
be mentioned: It is valid only at low temperatures,
below the critical region where fluctuations in the phase
of the superconducting order parameter renormalize I.
As we will see, the percolative transition occurs below
this critical temperature regime in our samples. The use
of Eq. (1) appears thus to be justified and we expect A to
diverge with the conductivity exponent t:'6

A(p) -A(1) (2)
Ip —p, l'

'

where p, is the percolation threshold.
For the derivation of p(T), we assume that the

normal-state grain-grain resistances R„obey a Gaussian
centered at R,„, with standard deviation 8R. The junc-
tion coupling energy is given by

Z,-, ~(T) tanh
~(T) (3)

Sg2Rn

an expression applicable not only to tunnel junctions, but
also, e.g., to metallic weak links. ' Since everything of
interest happens close to T,o, we expand the gap parame-
ter d (T) and the tanh function to find

EJ kBT (4)
R„

valid for bT—= T,o
—T«T,o, with Ro 3.76/e . The

condition for superconducting coupling between two
grains EJ ~ kT now reduces to R„~RoBT/T. The frac-
tion of grain-grain resistances less than R„being given

by erft(R„—R,„)/bR) I, where

erf(x)= e ~ &y,
f x

v'2n "
we arrive at the result

Ro8T/T R
p T erf

BR
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Zero resistance is reached when p(T) =p„a condition
which, for p, =0.5, results in a temperature T, given by

Rp Rav
c cp R +R Tcp (6)

since R,. „((Rp. With a slightly different Rp value, this
is the same relationship for the reduction of T, as in a
superconducting film undergoing a KTB transition. '

The final result for the temperature dependence of A is
thus

( )
A(0) po (7)

2(1 —T/T, p) i p(T) —p, i'
'

where po ip(0) —p, i' ensures the consistency of the
equation at T 0, and p(T) is given by Eq. (5). Since in

YBCO the mean free path is larger than the coherence
length, we have used the clean limit expression for A(T)
in the Ginzburg-Landau regime, ' leading to the factor
of 2 in the denominator of Eq. (7).

The solid line in Fig. 2 is a numerical calculation of
A '(T) with Eqs. (5), (7), and the explicit expression
for erf(x) given above. The fitting parameters A(0)
=6.0 pm and T,o 79.3 K are determined by the
straight, low-temperature section of the curve. The two
arrows in Fig. 2 indicate the temperatures T,o and
T„=77.4 K, as determined with Eq. (6). The A(0)
value corresponds to X(0) 0.24 pm, a zero-temperature
penetration depth comparable to the monocrystalline in-

plane X 0.14 pm. Since the fit is quite insensitive to
changes of the parameters p, and t, these two were kept
fixed at the 2D bond percolation values p, =0.5 and
t =1.3 (Ref. 16) for all samples investigated. Thus, for
the fit of A '(T) in the critical region there are
effectively only two adjustable parameters: R,„and 8R,
which were found to be 345 and 60 0, respectively. No-
tice that the theoretical curve correctly describes the
divergence of A up to A- 1 mm. Large-scale sample in-

homogeneities and fluctuation effects are probably re-
sponsible for the observed rounding of the foot of the
A '(T) curve. The value found for R,„ is slightly too
large when compared with the measured dc sheet resis-
tance of Rp =250 A. In other samples the difference
was even more pronounced, but always R,„)Ro. This
systematic discrepancy is possibly due to a reduction of
the coupling energy caused by a lowering of the gap pa-
rameter h, at the grain surfaces, which is equivalent to a
smaller Ro in Eq. (4), and hence to a smaller R,„ in our
analysis. Also shown in Fig. 2 is a dashed line corre-
sponding to the universal KTB prediction A(T, )T,
=19.6 mm K for the value of A at the jurnp. In all sam-
ples investigated so far, the jump at T, was at least a
factor of 2 larger than expected for a KTB transition,
thereby showing that the percolative transition occurs
below the temperature regime dominated by fluctuation
effects and providing an a posteriori justification for the
use of Eq. (1). Moreover, calculations based on the
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FIG. 3. ReZ as a function of temperature deduced from the
measurement of Fig. 1, showing non-negligible dissipation
down to -50 K.

KTB recursion relations at nonzero frequencies" ' al-

ways predict much sharper transitions than the observed
ones.

Additional evidence for the percolation interpretation
of the superconducting transition of YBCO films is, at
least qualitatively, provided by an analysis of the dissipa-
tion present in the films below T,. In almost all the sam-
ples investigated so far we have observed below the tran-
sition a monotonic increase of ReBV with decreasing
temperature, as shown by the RebV(T) curve of Fig. l.
In part, this effect is a measurement artifact: the tem-
perature dependence of the resistances of the measuring
coils, which causes a temperature-dependent variation of
the phase angle in the detection system. ' Taking this
effect into account in the analysis results in a small and
negligible error in the determination of A (T), but re-
sults in an appreciable error in the ReZ(T) curve. The
absolute level of the ReZ(T) curve shown in Fig. 3 is
thus somewhat uncertain; however, with a noise floor of
-0.1 pO, it clearly shows that there is a large tempera-
ture regime below the transition with nonvanishing dissi-
pation. This is in qualitative agreement with the result
of a Monte Carlo calculation of the frequency-integrated
real part of the fluctuation conductivity of model granu-
lar superconductor, " where disspation below T, was
found to arise from the presence of disorder, possibly in

the form of dangling bonds. The dissipation observed in

our YBCO films below the transition region would then
be the consequence of the percolation probability' being
less than unity, but slowly increasing with decreasing
temperature, to finally reach unity at -50 K. This in
turn implies that there are more (a few percent) high-
resistance junctions than predicted by a Gaussian distri-
bution with the mean and the standard deviation found
above.

In a percolation description of the superconductive
transition one would expect the initial rise of resis-
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tance to be, at least approximately, given by R&(T)
=R,, ~ p(T) —p, ~'. The resistive transitions of our
YBCO films do not fit such an expression. This is prob-
ably due to a distribution of the single-grain transition
temperatures T,o and, more importantly, to the increas-
ing importance of thermal fluctuations leading to effects
such as phase slippage across grain boundaries and
order-parameter amplitude fluctuations. These effects
dominate the resistive transition rendering the effect of
percolative coupling between the grains secondary and
observable only below T„where almost all the grains are
superconducting and amplitude fluctuations frozen out.
This is consistent with the observation that a percolation
description of the resistive transition is successful in

cases where the transition is split into two sections, with
a tail extending into a temperature regime without
order-parameter amplitude fluctuations.

In conclusion, both the attractive simplicity of the
model presented in this paper and the excellent agree-
ment between the predictions of the model and the mea-
sured temperature dependence of the penetration depth
provide strong support for the description of the super-
conductive transition of YBCO films with a percolation
model. We dismiss an interpretation of our data in

terms of a vortex unbinding transition, since the observed
jump in superfluid density at the transition is always too
large and the transition region wider than expected. Un-
fortunately we are not able to verify that, as predicted by
Ebner and Stroud, ' the exponent describing the diver-
gence of A at the percolation threshold is indeed the con-
ductivity exponent.
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