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Present methods of fabricating thin films and bulk samples of the high-7, oxide superconductor
R Ba;Cu307-; frequently produce a granular morphology with stoichiometric grains separated by

weakly superconducting material, Josephson, or proximity effect junctions.

In these films, the

bulk superconducting properties (transition width, critical current density) are controlled primar-
ily by the strength of coupling between the grains and not by the superconductivity of the grains

themselves.

We have examined the 7-V characteristics of thin-film oxide superconductors as a

function of temperature and find evidence for a coherence transition in which isolated grains cou-

ple to form a bulk superconductor.

The transition manifests itself in the scaling behavior

V~(I—1.)* where x changes abruptly at coherence. The magnetotransport is in support of the

model.

Present methods of fabricating thin films of the high-
transition-temperature superconductors R;Ba;Cu3;O7-;
(where R =Y, Er, Eu, etc.) include pulsed laser deposi-
tion,' e-beam and thermal evaporation from one or multi-
ple sources,? sputtering,® solution, and sol-gel tech-
niques.*> All of these techniques frequently produce films
with a granular morphology with grains of the correct
stoichiometry separated by grain boundaries and/or ma-
terial of a different phase. It is also found that high-
temperature annealing, which is often needed to produce
the correct crystal structure and to incorporate oxygen,
can result in microscopic cracking of the thin film. These
observations suggest that most thin-film R-Ba-Cu-O su-
perconductors consist of rather weakly connected super-
conducting islands. This view is supported by measure-
ments on single crystals of Y-Ba-Cu-O, which show quali-
tatively different behavior from multigranular films and
bulk materials.® Therefore, it seems clear that in mul-
ticrystalline material, the bulk superconducting properties
of critical current and transition width are largely con-
trolled by intergrain coupling.

In this paper, we describe experiments that support the
view that some R-Ba-Cu-O films can be described as
weakly coupled granular superconductors. In particular,
we report a scaling behavior in the current-voltage (I-V)
characteristics of the films which is evidence for a transi-
tion in which uncoupled superconducting grains couple to-
gether to produce bulk superconductivity. Magnetotrans-
port measurement in the films are also indicative of the
granular nature of the material.

Granular superconductors have been studied for many
years, and demonstrate a variety of interesting physical
effects.” In particular, (at least) two superconducting
transitions are seen as a bulk granular superconductor is
cooled.®® At, or just below, the transition temperature of
the superconducting material which comprises the grains
(T.0), a nonzero order parameter develops on individual
grains. Close to T,o, thermal fluctuations ensure that the
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phase of the order parameter on nearby grains is unrelat-
ed. However, if nearby grains are coupled by the proximi-
ty effect or Josephson tunneling, there exists a coupling
energy E =hi./2e (where i. is the intergrain critical
current), which, as the temperature is lowered, can exceed
thermal fluctuations. This can result in a second transi-
tion to a bulk superconducting state in which the phase on
nearby grains becomes equal: the coherent state.

Theoretical descriptions of granular superconductors
generally assume a Josephson coupling between grains
E=hi./2el1 —cos(6; — 6;)], where 6 is the phase of the
order parameter on individual grains. Noting that for pla-
nar spins, S;-S;~cos(6; —6;), we see the model is iso-
morphic to the X-Y model of magnetism with an explic-
itly temperature-dependent coupling energy, enabling us
to use standard results to describe the granular system. !
The details of the transition to the coherent state are sen-
sitive to the dimensionality of the system, the degree of
disorder and the strength of the intergrain coupling; but
all systems show an abrupt change in the /-V characteris-
tics of the system at the coupling transition temperature
T.%%" To briefly summarize, in two dimensions
(d=2), the coupling transition can be described by the
Kosterlitz-Thouless theory of phase transitions.!? In par-
ticular, at the transition temperature TkT, bound vortex-
antivortex pairs dissociate and then become free and may
contribute to dissipation. Experimentally, the /-¥ charac-
teristics follow the form ¥V ~1I*, where x changes abruptly
from x=1 to x=3 at T =Tkr. However, in a clean (no
resistance to flux flow) d =2 system, a critical current
cannot be defined, as arbitrarily small transport currents
can dissociate the most weakly bound vortex pairs.

The transition in three-dimensional systems is to a state
in which thermal fluctuations of the phase on individual
grains is strongly suppressed; the almost exact analogy is
the transition to a ferromagnetic state in the X-Y model
of magnetism. The d =3 granular superconductor can
support a supercurrent, since we can develop a phase gra-
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dient along the material without disrupting the temporal
phase coherence, and, from the second Josephson relation,
V="h6/2e, only a time varying phase difference causes
dissipation. Below T.o, and above T, increasing correla-
tions of the order parameter cause an increasing paracon-
ductivity which diverges at 7.

Y Ba,Cu307 -5 has already been shown to exhibit some
of the characteristics of granular superconductors. In
particular, the high-field magnetic susceptibility is that of
uncoupled superconducting grains of size comparable to
the magnetic penetration depth of the grains themselves. 13
Of more interest here, the susceptibility in low fields (~1
mOe) shows evidence of a grain coupling transition,
significantly below the isolated grain transition tempera-
ture.'* In addition, the current-voltage characteristics of
bulk, multicrystalline Y-Ba-Cu-O has shown similar
characteristics to those described here, over a correspond-
ingly narrower temperature region.!> Both the results
themselves, and their interpretation differ somewhat from
the present work. However, the presence of stoichiometric
grains separated by grain boundaries are essential to both
interpretations.

The Er;Ba;Cu305 thin films under study were grown by
pulsed laser deposition from pellets of the same
stoichiometry. A KrF excimer laser operating at 1.5
Jecm ~%/shot on the pellet and 30 nS full width at half
maximum (FWHM) was used. The samples described
here were both grown on SrTiO; (100) substrates, the de-
tails of the growth process and subsequent annealing have
been described in detail elsewhere. !

A scanning-electron-microscope morphological analysis
of the R-Ba-Cu-O film shows irregularly shaped grains of
size (0.75+0.3) um. There is no evidence of macroscop-
ic inhomogeneity of the film which could possibly mask
critical behavior, beyond the fact that the average grain
size varies by about 5% over the region of study. Cross-
sectional transmission electron microscopy shows that
grains form as platelets, of thickness ~0.1 um, shrinking
slightly in size away from the substrate. Grains adjacent
to the substrate show perfect epitaxy, and all grains have
perfect crystal structure and the correct 1:2:3
stoichiometry.'® However, the regions between the grains
are amorphous with typical thickness <50 A, and it is
this material which provides the intergrain coupling essen-
tial for the observation of a bulk superconducting state.
Finally, we make contact to the film with silver paint ex-
tending completely across the superconducting region.
The voltage probes are 0.6 mm apart, and the current car-
rying area is ~10 ~° cm?.

The approximation we will adopt in this paper is that
individual grains acquire bulk superconductivity at the
bulk 1:2:3 transition temperature; close to 90 K. As the
temperature is lowered, a coupling develops between near-
by grains. This coupling increases with reducing tempera-
ture for two (related) reasons. First, and most important-
ly in this material, we expect the surfaces of the grains to
be slightly off stoichiometry. This means that the size of
the superconducting part of the grain is increasing with
decreasing temperature, and so the coupling between ad-
jacent grains increases. Second, all forms of weak link
show an enhancement of the critical current as the tem-
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perature is lowered. In either case, at some lower temper-
ature, the coupling between nearby grains will be
sufficient to force the system into a state where the super-
conducting phase on all the grains in the system is the
same. The semi-idealized model we will use is an assem-
bly of weakly connected superconducting regions extend-
ing essentially infinitely in the plane of the film, and 4 or 5
grains thick. For the purposes of simplicity, we will fur-
ther simplify this to an isotropic infinite three-dimensional
(3D) system where each grain has six nearest neighbors
(cubic).

The resistive transition of one of the samples under
study is shown in Fig. 1. It demonstrates an onset temper-
ature of 92 K and a 10%~-90% transition width of 35 K.
While better films are currentlzy available [ < 1-K transi-
tion width, and = 10° A/cm ~2 critical current density at
77 K (Ref. 17)], we intentionally chose to work with films
with a relatively wide transition to make a detailed exam-
ination of the critical region possible. The critical current
density is also shown in Fig. 1. Using the 1 xV/mm cri-
terion, we see that bulk superconductivity occurs at
T=60 K. The measured critical current density in the
films rises to 700 A/cm? at 4.2 K.

The transition to the coherent state should occur when
the grain coupling energy is equal to the energy available
in thermal fluctuations. That is, ZE;(T,) =kgT., where
E;, Z, and kp are the intergrain coupling energy, the
number of nearest neighbors surrounding a grain, and the
Boltzmann constant, respectively.” The coupling energy
may be related to the intergrain critical current i, through
the relation E;=hi./2e. Assuming Z =6, we obtain
ic=0.42 uA at T=60 K. It is not straightforward to ob-
tain the bulk critical current from the intergrain critical
current since we do not know the dissipation process (flux
flow, isolated normal regions, etc.). However, if we as-
sume a parallel array of junctions, each carrying i, we ar-
rive at a bulk critical current of I, = 5 mA which is con-
sistent with that observed. Note that above T, short-
range correlations of the order parameter still exist, and
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FIG. 1. The resistive transition of the high-temperature su-
perconducting film measured at 0.7 A/cm? (solid line) and the
critical current evaluated using a 1-uV/mm criterion (filled cir-
cles). The critical current density at 4.2 K is ~700 A/cm2
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these are reflected in the sharply rising paraconductivity.

We have studied the current-voltage characteristic of
these films over 7 orders of magnitude in voltage to obtain
the characteristics shown in Fig. 2. In pursuance of the
analogy with conventional granular superconductors we
have examined the data for scaling behavior in the I-V
characteristic. In particular, we find Ve (I —1I.)*=J%
over 4 orders of magnitude in ¥ above I.. Representative
behavior is shown in Fig. 3, and the temperature depen-
dence of the critical exponent x is shown in Fig. 4. The
system is essentially Ohmic above T, = 60 K, with x =1
and I, =0 (although because of correlations in the order
parameter, the resistance close to 60 K is much less than
the resistance at 90 K). There is an approximately 10-K
wide transition to a bulk superconducting state in which x
rises to ~2. As the temperature is lowered further, x
rises more gradually to x ~3 at the lowest temperature
studied. Similar scaling behavior has been seen in the
second sample of similar morphology. However, films
grown at lower temperatures which do not appear to be
granular,'? do not show the scaling behavior.

We turn now to an explanation of this behavior within
existing models of granular superconductors. Above T,
the I-V characteristics should resemble that of a series
and parallel connected assembly of uncorrelated Joseph-
son junctions biased above their critical current. In this
case, the I-V characteristics should be Ohmic (I, =0,
x =1). However, the sample resistance will depend on the
strength of the intergrain coupling, which in turn depends
on the intergranular material. This qualitatively explains
the high-temperature characteristics. Below T, because
of the strong suppression of fluctuations in the order pa-
rameter in the 3D x-y model, a critical current should ex-
ist. The details of the coherence transition in 3D granular
superconductors have been studied both theoretically and
experimentally by Rosenblatt and co-workers.'® By draw-
ing an analogy between the 3D x-y model of magnetism
and the present case, they have been able to show that if
the temperature dependence of the intergrain critical
current is not too large close to the coupling transition,
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FIG. 2. The current voltage characteristics of the high-
temperature superconducting film recorded at a sequence of
temperatures. From the bottom: 11, 30, 40, 50, 60, and 80 K.
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FIG. 3. The current voltage characteristics of the film both

below (11 K, 50 K) and above (60 K, 70 K) the coherence tran-
sition.

then, for small voltages, Ve (I—1I/)% where
x=(d+1)/(d—1+n) at T. and 7n is the exponent
characterizing the order-parameter correlation function
(6(r)- 6(0))~r?~2*"_ Unfortunately, n is not directly
accessible to experiment. However, various theoretical
predictions exist. In particular, for the d =3 X-Y model
we expect n=0; hence, x =2; whereas from a time-
dependent Ginzburg-Landau analysis of fluctuations we
expect x = 3 in three dimensions, at low fields and close
to T..'® The jump from x =1 to x~(2.2+0.1) seen in
our granular high-7, materials is suggestive, if not con-
clusive evidence that the d =3 X-Y model is appropriate
for describing the coupling transition. It has also been
found to be the most appropriate model in the case of con-
ventional granular superconductors where, an almost
identical transition has been observed in compacted com-
posites of tantalum grains.!® In this system x(7.) is
found to be (2.1 +0.2), in complete agreement with the
high-T, film case.

0 20 40 60 80 100
T(K)

FIG. 4. Behavior of the critical parameter x which appears in
V~(I—1.)* as a function of temperature. The sharp rise from
~1 to ~2 at T.~60 K is interpreted as the coherence transi-
tion.
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We have also studied magnetotransport in the films.
Figure 5 shows how the critical current is monotonically
reduced by application of a perpendicular magnetic field;
whereas the scaling behavior V' ~I§ is preserved and the
critical exponent is essentially unchanged to the point
where bulk superconductivity is extinguished. The effect
of a magnetic field on a granular superconductor is two-
fold: it will reduce the strength of the intergrain coupling
directly since both the Josephson effect and proximity
effect are field dependent. It will also set up microscopic
circulating currents around each flux line or bundle in the
film to ensure that the superconducting phase remains sin-
gle valued. Unfortunately, the nature of the intergrain
coupling (Josephson, proximity effect, etc.) is not yet
clear,'® and so the effect of a magnetic field on i, the in-
tergrain critical current, cannot be quantified. However,
the circulating currents interfere with the phase transition
to the coherent state by “frustrating” the simultaneous
reduction of energy at all points in the assembly.?® Com-
plete frustration occurs when each unit cell in the random
system contains approximately one flux quantum ¢o. We
expect complete frustration in this sample at ~40 Oe, us-
ing the average grain size from scanning electron micros-
copy (SEM) analysis. This corresponds quite well with
the observed extinction field of ~80 Oe. In an ordered
system, the critical current would be periodic in field with
period ¢o per cell; however, in a random system, a mono-
tonic reduction is expected.
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FIG. 5. The behavior of the critical current (squares) and the
parameter x (filled circles), as a function of the perpendicular
field intensity H at T=4.2 K.

In summary, we have demonstrated that the electrical
properties of ErBa;Cu3;07—; films grown by pulsed laser
deposition can be described within existing models of
granular superconductivity. We have observed scaling be-
havior in the I-V characteristic which is indicative of the
grain coupling transition which is essential for bulk super-
conductivity. The magnetotransport is in support of this
picture.
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