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ABSTRACT. The potential for high critical current densities is examined. On a thermodynamical
basis, the energy scale for vortex pinning can be derived for instance from a measurement of the
width of the critical region. This energy scale is on the order of 0.1 eV in YBCO, which is sufficient
for practical applications. Another important parameter is the short coherence length. The inner plane
length, of the order of a few lattice spacings, is favorable for pinning by point defects. But [he very
short outer plane length gives rise to anomalous magnetic behavior, unfavorable for high-field
applications at high temperature; this is true in particular in the most anisotropic oxides, such as the
Bi compounds.

THERMODYNAMIC ESTIMATES OF
PINNING POTENTIALS
The ability of Type II superconductors to retain a
(practically) zero resistance at high-field and
high-current conditions depends on the presence of
defects that can pin the vortices. A fundamental
quantity is the energy barrier U that must be overcome
to free a vortex line from a pinning center. It is
generally accepted that this energy can be written as:

= pAF(T)Q(T) (1)

where AF(T) is the condensation energy per unit
volume, fi(T) is a coherence volume and p is a
numerical coefficient (p<l for a single vortex). This
expression is valid when the vortex is pinned due to a
depression of the order parameter produced by a local
crystallographic defect (core pinning). In an isotropic
Type II superconductor, A(T) = a £3(T), where £(T) is
the temperature dependent coherence length and a is
a numerical factor (for instance a = 4JC/3. If we take
the coherence volume to be that of a sphere with a
radius £, AF(0) £3(0) is the typical energy scale for
pinning barriers; the parameter p depends on the
specific nature of a given type of defect. The necessary
condition for efficient pinning and hence high critical
currents in strong fields is U(T) > ku t. The parameter
[AF(0), Q(0)/kBTc] is a good measure of the potential
for high critical currents in a given material.

It is easy to estimate this parameter in a
conventional superconductor for which all the critical
fields are known. AF(0) is then obtained from the
thermodynamic critical field Hc(0), AF(0) =
[Hc

2(0)/87t], and the coherence length from the upper
critical field Hc2(0), %2(Q) = [<J>o/2rtHc2(0)]. In the
oxides, Hc cannot in general be determined from a

measurement of the magnetization M(H), but we can
calculate it from the well known relation
Hc

2(0) = rc AC Tc, where AC is the heat capacity jump
at Tc. This quantity is now reasonably well known in
YBCO; AC > 75 mJ/K2 mole as given by Junod et al.1,
obtaining Hc(0) > 1.5T. There are also now good data
on HC2(T), based on magnetization transitions M(T)2,
rather than on resistive ones. These magnetization
transitions give (dHC2/dT) = 2T/K for the field oriented
along the c axis, and (dHc2/dT) = 10T/K for the field
oriented along the (ab) plane. From this we can
calculate, by extrapolating to T = 0, using the
clean limit temperature dependence for
£(T) = 0.744(0) • [1 - (T/Tc]-

|/2, Sab(O) = 2IA and
£c(0) = 4A. Shorter values are obtained in the dirty
limit. Assuming £2(0)=27t£ab

2(O)£c(O), we then obtain
for YBCO:

[AF(0)f2(0)/kBT]=!0 (2)

1. Pinning Potential and Thermodynamic
Fluctuations
A different and completely independent way to
determine this parameter is based on a measurement
of the width AT of the critical region, where there are
large fluctuations of the order parameter. In reduced
units ec = (At/Tc), this width is given by3.

(3)

where 5(0) is defined by £(t) = 5(0) r1/2, with t=(T/Tc).
In the clean limit, and for the anisotropic case under
consideration, £3(0) = (0.74)3 • 5ab

2(0) • 5c(0). Using
the well known relation:

AC = (Tc/4«) • [(dHc/dT)2]T=Tc (4)
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and assuming Hc(t) = Hc(0)«(l-t2), we can rewrite Eq.
3 in the form:

[AF(0)n(0)/kBTc]=0.1(ec)-»'2 (5)

where we have approximated Q(0) by 2n^ab2(0)^c(0).
Whenever an experimental determination of 6c is

available, use of Eq. S is the most direct way to
estimate the pinning potential. In YBCO, a value of
about 1.10*4 as derived from heat capacity
experiments4 give a value of the order of 100 meV for
the pinning potential, which is consistent with that
calculated from HC(O) (as derived from AC), as shown
above.

In the Bi and Tl compounds, there is really no sharp
and well defined mean field jump of the heat capacity,
so the method of evaluation of the pinning potential
based on Hc cannot be used at all. From the width of
the heat capacity anomaly it has been estimated that
the critical region in these materials is about 10 times
larger than in YBCO5, ec = 1.10"3. Use of Eq. 5 thus
gives us a pinning potential of the order of 30 meV.
Another way to estimate Eg is to assume that in the Bi
and Tl compounds, Hc and ̂ ab are about the same as
in YBCO, while^c is about 10 times smaller. This gives
Ec = 1.10'2 and a pinning potential of lOmeV. Table 1
summarizes our thermodynamic estimates of the
pinning potential.

Table 1. Thermodynamic estimates of pinning potentials

AF(0) fl(0) From Ac and HC2 From 6c
YBCO 100 meV 100 meV

Bi and Tl compounds 10 meV 30 meV

The pinning potentials shown in Table 1 are in fact
close to those for conventional superconductors. This
can also be seen directly from Eq. 5. In conventional
superconductors, it is generally estimated that
6c < 1.10-8 and hence [AF(O) Ii(O)/kBTc] is of the
order of 1.103 while in the oxides EQ is of the order of
1.10"4 or larger and this thermodynamic parameter is
of an order of 10 or less, as we have seen.

EXPERIMENTAL DETERMINATION OF
PINNING POTENTIALS
The thermodynamic pinning potential represents an
upper limit to the pinning barriers that can be achieved
in practice by introducing appropriate defects in the
superconductor.

1. Determination of Pinning Potentials from
Flux Creep Rate
One method for the determination of U is based on the
flux creep model of Anderson and Kim6. They

predicted that, due to hopping of vortices over energy
barriers (flux creep), the (irreversible) magnetization
should relax as:

M(t) = M(0) [1 - (U/kBT) ln(t/t)] (6)

where f' is an attempt frequency. Quasi logarithmic
decay of the magnetization is easily seen in all the
oxides, while it is a very small effect in the
conventional superconductors. The parameter
(U/kgT) is obtained by fitting the data to Eq. 6. Low
temperature data give for the oxides U values that are
much smaller than the thermodynamic potentials
shown in Table I7. At 4K, U is of the order of 10 me V
in YBCO and 1 meV in BSCCO.

Departure from the simple logarithmic decay law,
which is widely observed, has been interpreted in
terms of a distribution of energy barriers by Griessen.
His analysis of magnetization relaxation experiments
gives for YBCO a distribution of U values with a peak
around 60 meV8. This is in a good agreement with our
thermodynamic estimates. It would appear that the
samples studied (epitaxial films) contain optimum
pinning centers - while none have been introduced on
purpose! Our conjecture is that in the oxides % is short
enough to allow effective pinning by point or line
defects (vacancies, impurities, dislocations) that exist
apparently in sufficiently large concentration in
the studied epitaxial films. Point defects do not
provide substantial pinning in low Tc super-
conductors.

The same procedure for the determination of the
distribution of U values cannot be performed in the Bi
and Tl compounds, because the relaxation at high
temperatures is too fast to be analyzed. Nevertheless,
there is a peak in the distribution around 40 meV9, a
surprisingly large value compared to our range of 10
to 30 meV. We will return later to this anomaly.

2. Low Temperature Behavior
A general feature of the U distribution as derived by
Griessen is that it is quite broad, with a long tail at low
energies. It has been proposed that this broad
distribution is related to the short %, which is at the
origin of a very varied landscape of pinning potentials -
a necessary feature for glassy behavior10. In relation
to the low energy tail, Motta has actually shown
recently that the relaxation rate in the oxides seems to
remain finite as T goes to zero11. This implies the
existence of a mechanism for vortex motion that is not
thermally activated, which becomes the dominant one
at low temperatures.

Models involving a spatial distribution of critical
current densities instead of pinning energies have also
been discussed. They predict a similar decay law for
the magnetization'2, which can be derived
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phenomenologically from the (observed) power law
V(l) characteristics V a In.

3. Activated Dissipation
Values for the pinning potential have also been
obtained by analyzing the resistive transition in terms
of an activated dissipation:

R = RNp(H/Hc2)exp-[U(H)/kBT] (7)

A rather large value of the parameter (J is necessary to
fit the data".

Values of U obtained in this way tend to be much
larger than those obtained from magnetization decay
experiments; they are even larger than the
thermodynamic values of Table 1. For instance, Palstra
et al. obtained for BSCCO single crystals low field U
values of the order of 100 meV or more, at
temperatures near Tc. In our view, this casts some
doubts on the validity of the proposed flux creep
analysis of the resistive transitions.

So far, our discussion of pinning potentials has been
based on a three dimensional description of the oxides.
This is certainly reasonable for YBCO, for which %c is
comparable to the spacing, s, between CuO stacks, but
surely inappropriate for the Bi and Tl compounds in
which %c (as estimated from the critical field
anisotropy) is less than 1A. Two dimensional effects
are then essential; they are discussed later in this
review.

A very strong anisotropy is not favorable, as we
shall see, for the development of large critical currents.
However, the empirical evidence suggests that there is
no correlation between ^ and Tc: YBCO is much less
anisotropic than the Bi and Tl compounds, yet it has
roughly the same critical temperature. The pinning
potential in YBCO, which is of the order of 100 meV,
is sufficient for obtaining large critical currents at
liquid N2 temperatures. From that standpoint, there
appears to be no fundamental limitation that would
prevent high-field, high-current applications of the
oxides at relatively high temperatures.

SENSITIVITY TO DEFECTS: SHORT %
EFFECTS
The short ^ implies an enhanced sensitivity of the
superconducting order parameter to crystallographic
defects of atomic size. These include surfaces and
interfaces (grain boundaries, stacking faults, twin
boundaries) as well as point defects (vacancies,
interstitials, substitutions). None of these defects has
any significant influence on the order parameter in
conventional superconductors, because their effect is
averaged over the long coherence length.

As shown in ref.14, the behavior of the order
parameter at a boundary is governed by the condition:

(8)

The length b is independent of temperature. The value
of the order parameter at the interface, Aj, is given by:

(9)

where Ao is the bulk value of the order parameter at
temperature T. The function f(z) is obtained by solving
the non-linear Ginzburg Landau equation for the order
parameter. Its limiting behaviors are that it goes to 1
when z goes to infinity, and to z when z goes to
2ero15.16

In the case of a superconductor-insulator contact, b
is of the order of (^s2/a), where a is an interatomic
distance15. For conventional superconductors, £ s » a
and b»ti,s; the practical boundary condition is then
(dA/dx) = 0. But in the oxides £s>a> hence b>£s and a
substantial reduction of the order parameter is
expected in a superconductor at its contact with an
insulator.

Based on this idea, Deutscher and Muller16

predicted a depressed order parameter at oxides
external and internal boundaries, such as twin
boundaries, stacking faults and grain boundaries.

1. Twin Boundaries
Decoration experiments by Vinnikov et al.17 and
Dolan et al,18 on YBCO single crystals, with a
magnetic field applied along the c axis, showed a
higher density of vortices at twin boundaries than in
the rest of the crystal. Based on the difference in vortex
densities, Vinnikov at al. have estimated the pinning
potential Ub at the twin boundaries to be of the order
of 3xlO"8 erg/cm. This figure must be compared with
the condensation energy per unit length, AF(0) f;ab

2(O),
which we calculate to be about lxlO'7 erg/cm. Thus,
Ub is a significant fraction of the relevant condensation
energy, implying a substantial reduction of the order
parameter at the boundary. This reduction is about a
factor of 2 at the effective decoration temperature,
which is not exactly known, but is believed to be well
below Tc. This reduction factor suggests that twin
boundaries are semicoaducting regions in the oxides.

2. Grain Boundaries
A similar reduction factor was obtained from the
analysis of the temperature dependence of the critical
current across a grain boundary parallel to the c axis19.
It was assumed that S shaped as jc(t), with zero slope
at t=l, due to a temperature dependent lowering of the
order parameter at the boundary, which is saturated at
half the bulk order parameter at low temperature. The
critical current is given by:

jc(t) = jc(O) [Ai(t)/Ai(0)]tanh[Ai(t)/2kBTJ (10)
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Near t=l, where z goes to zero, Eq. 9 predicts that Aj
is a linear function of temperature; this is in contrast
to the bulk order parameter which varies as (l-t)"2.
Hence, in this limit, jc(t) varies as (l-t)2, in contrast
with the critical current of conventional Ambegaokar
Baratoff junctions which varies linearly with
temperature.

3. Proximity Effect
In view of current attempts to study and perhaps use
the proximity effect between the oxides and normal
metals such as silver, a rew remarks that pertain to this
situation may be useful.

The short ^$ of the oxides introduces a boundary
condition that is in practice different than between a
low temperature superconductor and a normal metal.
In the latter case, the coherence length of the
superconductor and the decay length of the order
parameter £N in the normal metal are typically of the
same order of magnitude. As a result, the depression
of the pair amplitude at the boundary is of the order of
one half. At an oxide-normal metal contact, £N will be
much larger than £si a°d one can then show that the
depression of the pair amplitude is much larger. In a
first order approximation, the length b is given by
b=(^s2/^N); ̂  is much shorter than £s. and in this limit
the depression factor is (^S/^N)-

There are two practical consequences of this
situation that complement each other.
Superconductivity in the oxide, at the interface, is
greatly affected by the proximity effect; and the
induced pair amplitude in the normal metal is weak.
For instance, an S/N/S junction has a small critical
current, compared to what could be expected from the
value of the bulk pair potential in the oxide. This is
particularly true for junctions perpendicular to the c
axis, along which the coherence length is the shortest.

To get an idea of the orders of magnitude involved
let us consider a contact between an oxide with a
coherence length of 1A (a typical value along the c
axis), and a normal metal with a decay length of about
1000A. The pair potential in the oxide would be
reduced by a factor of 1000 at the interface, and
accordingly the 1CR product would be reduced by a
factor of 106. The situation is of course more favorable
for a junction parallel to the c axis.

These are only rough estimates. A description in
terms of a continuum is clearly not justified when ^
gets shorter than interatomic distances.

TWO DIMENSIONAL EFFECTS
One striking superconducting property of the oxides is
their reversible magnetic behavior. This is particularly
pronounced in the Bi and Tl compounds. A detailed
study of the magnetization of the 2223 Bi compound20

has shown that in a field of IT (on the order of 1 % of

HC2!), the magnetization M(T) is reversible from
Tc=l 15K down to about 40K. In this compound, the
irreversibility line H|RR(T) follows an exponential
temperature dependence:

(11)

This differs from the power law behavior
H IRR a (Tc-T)n, with n close to 1.5, which was first
discovered by Muller et al. on YBCO ceramics21, and
further studied by Yeshurun and Malozemoff on
YBCO single crystals22. The power law was explained
respectively by glassy behavior and by flux creep.

1. Breakdown Field
It has been proposed by de Rango et al.20 that the
exponential behavior described by Eq.l 1 is intimately
related to the quasi 2D nature of the extremely
anisotropic Bi compound. These authors proposed that
this compound should be considered as a composition
of superconducting stacks S of (3) CuO layers weakly
coupled through BiO normal layers N, in which
superconductivity is induced by the proximity effect.
A magnetic field Hb (Hb«HC2) may then destroy
selectively superconductivity in the N layers without
affecting it in the S stacks. In the range Hb<<H«HC2,
the S stacks are then decoupled and behave as
independent 2D superconducting layers. This
proposed behavior is in analogy with the breakdown
field studied by the Orsay group many years ago14, in
a geometry where the field is applied parallel to the
S/N interface. Under appropriate circumstances
(typically at very low temperatures compared to Tc),
the pair amplitude in N may then collapse at the field:

Hb = Ho exp - (12)

where Ho is a field of the order of the thermodynamical
field and d>; is the thickness of the N layer. In the clean
limit, ^N a (hvpN/ksT) where VFN is the Fermi
velocity in N. When substituting this expression fori;
in Eq.12, a form equivalent to the law described by
Eq. 11 is obtained. By fitting Eq. 12 to the data, a value
£N<1A at 100K is obtained. This is very suggestive
that the short £N is the origin of the short Z^.

2. Breakdown Field and Irreversibility Field
While the original breakdown field geometry studied
by the Orsay group14 is evidently different from that
at hand in the oxides, the essential point in the
interpretation proposed by de Rango et al.20 is the
metallic character of the BiO layers. It allows £N to
vary as T~l and therefore the interlayer coupling
strength expressed by the interlayer coherence length
£c varies as exp -(T/To). Even if we retain the flux
creep interpretation of the irreversibility field
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proposed by Yeshurun and Malozemoff22, namely that
at HIRR, U(H,T) a AF(T) l2(H) 5C(T) is of the order of
ki$T, and we also adopt the scaling assumption
I2(H) a H1 , it follows from the T dependence of |C(T)
that HIRR = aeXp-(T/T0) at low temperatures.

We note that while Hb and HIRR have the same
temperature dependence, they are basically different
fields. The breakdown field is a thermodynamic
property, while HIRR depends on the nature and
concentration of pinning centers. In very clean
samples, with very little pinning, the breakdown of
induced superconductivity in the N layers should be
reflected by a change in the reversible magnetization.
This has not been observed so far. In the case of
average pinning, HIRR and Hb might actually coincide
because of the reduction in the coherence volume and
hence pinning strength at H=Hb. At very strong
pinning strength, Hb might be completely obscured by
irreversibility effects.

At the time of writing this review, the metallic
character of the BiO layers remains a controversial
issue. The strong resistivity anisotropy and the
decrease of the conductivity along the c axis at low
temperatures indicate a rather insulating character of
the BiO layers, although not strongly localized. A
localization length in the BiO layers, which is larger
than their thickness would in fact allow a proximity
effect.

STM experiments23 have also been interpreted as
indicating that the BiO layers are insulating. But we
note that samples in these experiments were
apparently not cleaved at low temperatures, so that the
BiO layers might be insulating at the surface due to the
loss of oxygen. In fact, the most recent angle resolved
photoemission experiments do indicate that the BiO
layers have a metallic character in the normal state (in
accordance with band structure calculations); they
also show that the density of states on the BiO at
the Fermi level is modified in the superconducting
state in a manner consistent with the appearance of a
gap24.

3. Decoupling Fields
The way in which the breakdown of induced
superconductivity might occur in the N layers when
the field is applied parallel to the c axis has been
recently discussed by Deutscher and Kapitulnik25.
They pointed out that when the Josephson coupling
between the S layers is very weak, thermal excitations
of vortices may result in additional vortex stretching
with an average length <AL> intercalated between the
S layers. In the limit of large <AL>, the magnetic
energy of these stretches is given by:

E = <AL> (13)

The thermal average of <AL> is determined by E=kB
It also happens that this magnetic energy has the same
form as the core energy calculated for two vortices
displaced in successive layers in the approximation of
Lawrence and Doniach26. However, the physical
interpretations and actual approximations are quite
different in both cases; their respective domains of
validity remain to be worked out.

The thermal excitations lead to a number of
characteristic fields at which the S layers become
decoupled. The field Hdi = (fl>o/<AL>2) corresponds
to a Lindeman criterion for melting of the vortex
lattice. The field Hd2 = (*0'

<AL>Ac) corresponds to
phase decoupling in the magnetic interpretation of Eq.
13. As noted in Ref. 25, the field Hd2 reproduces the
temperature dependence of HIRR both nearTc, where
it varies as (Tc-T)3/2, and at low temperature where it
varies exponentially because Xc"

2 a exp-(T/T0) in the
proximity effect model. As a matter of fact, this
exponential dependence is a general property of the
different fields that one can consider (in the proximity
effect model), because they all vary as Xc*1 or A,."2.

CONCLUSIONS
The pinning potentials that we estimated in the
conventional 3D analysis, which is believed to apply
to YBCO, have values that are sufficient to reach high
current densities at high fields and relatively high
temperatures. This analysis is appropriate as long as
the anisotropy is not too large. The short £ is rather
helpful in the sense that point defects can be effective
pinning centers.

For the more anisotropic oxides, such as the Bi and
Tl compounds, the very short %c becomes a serious
concern. It increases the width of the critical region
and reduces the pinning potential. In addition, it may
lead to the decoupling of the CuO layers in moderate
fields (fields much smaller than HC2). The exponential
temperature dependence of the irreversibility field
suggests that the strength of the inter-CuO coupling
grows exponentially at low temperatures, which can
be interpreted as a proximity effect between the
superconducting CuO layers and normal metallic BiO
layers. In other words, it would appear that the Bi
compounds become much less anisotropic at low
temperatures, where they could, therefore, compete
with YBCO for high-field, high-current applications.
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