Offset criterion for determining superconductor critical current
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Critical-current criteria based on electric fieid or resistivity can present a number of problems
in defining critical current, especially for high 7, superconductors in the vicinity of the critical
temperature or upper critical field. The resulting critical-current density J, can be guite
arbitrary, since it depends strongly on criterion level at high fields and temperatures. These J,
definitions also create problems in distinguishing between superconductors and high-
conductivity normal metals such as copper. They can also bias J, data when superconductors
are comppared that have different values of normal-state resistivity. To minimize these
problems, an intrinsic J, criterion is proposed, which effectively separates superconducting and
normal-state properties. Based on the long-standing concept of a fux-flow resistivity, J, is
defined as the current where the tangent to the E-J curve at a given electric field level
extrapolates to zerc electric field. This determines an offset J. that minimizes the above
probiems. The criterion is particularly useful near 7, or near the effective upper critical field
where the E-J characteristic starts to approach chmic behavior.

ir defining the critical current of superconductors, ei-
ther an electric field criterion or a resistivity criterion is gen-
erally used.! ® Both are illustrated in Fig. [, which shows a
schematic of electric field versus current density (£-J) char-
acteristics of a superconductor at several different magnetic
fields (H 1> H2>H3..) approaching the upper critical
field. The electric field criterion is represented by the hori-
zontal, dashed line Jabeled £, in Fig. 1. The resistivity crite-
rion is represented by the sloped, dashed line through the
origin labeled p_. For both criteria, critical current is defined
as the current at which the £-J characteristics intersect the
appropriate criterion line. For high 7. superconductors,
these criteria present several problems in defining critical
current, especially at magnetic fields and temperatures ap-
proaching # _, and T, where the rise in the £-J characteris-
tic is gradual.

Electric field criterion. The J, defined using these meth-
ods can depend strongly on the criterion level. For the elec-
tric field criterion, the variability in the defined J, can be
seen in Fig. 1; different values of £, lead to relatively large
changes in J. since the rise in the E-7 characteristic is
gradual.

Amnother problem for the electric field criterion is that
the defined J, never reaches zero, even when the material is
fully normal. This is shown, for example, by the characteris-
tic labeled # 1. This E-J characteristic has no curvature and
is compleiely ohmic, yet the defined J, is finite. This low
residual normal-state current is usually not a problem, but
when J, is low (as at high fields) and samples are short
(which prevents measurement of verv low £, ), it can lead to
ambiguity in the definition of superconductivity. Most mea-
surement sysiems cannct detect voltages less than a few
tenths of a microvolt, imiting them to electric field criteria
levels greater than about 0.1 £V /cm for short samples on the
order of 1 cm in length. From the defining relation
E_ = p.J,,itiseasy tosee that when J, isbelow 10 A/cm?, as
is typicat with bulk high 7 samples at fields above 0.1 T,*a
resistivity much less than 107% O cm cannoct be detected by
the measurement apparatus. Such a resistivity is not much
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lower than the low-temperature resistivity of copper.

A more subtle problem exists with the electric field cri-
tericn when comparing low J, ’s at high fields near #, with
greatly differing values of normal-state resistivity p, , such as
Ti-based high T, superconductors versus Y-based supercon-
ductors. For a fixed E,, the apparent J, will be much higher
in samples with alow g, (J, = E_ /p, ). Thus, when using
the electric field criterion at fields approaching 4, the de-
fined J. for the low p, materials is biased toward higher
valuaes than for the high p, material.

Resistivity criterion. A nomber of problems also exist for
the resistivity criterion. Depending on the chosen value of
the resistivity criterion p_ (the slope of the line in Fig. 1), /,
can be made to vanish at magnetic fields spanning a consid-
erable range. Large variability can exist, and J, becomes ar-
bitrary in this high-field regime.

Furthernmiore, in contrast to the electric field criterion
{where J_ never reaches zerg), J, for the resistivity criterion
can reach zero before the disappearance of 2il superconduc-
tivity. This is shown, for example, by the charactenistic la-
beled H 2 which is well beyond the resistivity criterion, but
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FIG. 1. Electric field vs current density curves shown schematically at high
magnetic fields approaching the critical ficld #7 1. Electric field and resistiv-
ity criteria are shown { dotted lines), as well as the extrapolated offset J, for
each curve (the offset J, is labeled only for curve H 5).
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still has curvature indicating that it is not completely ohmic,

The resistivity criterion also presents a probiem in that,
if the range of J_ is large, the application of the criterion is
not practical. This is particularly a problem: when measuring
J, as a function of magnetic field, where J, car vary by many
orders of magnitude as the field approaches ¥ ,,. A high
value of p, must be chosen near H , where J, is small be-
cause of the clectric field detection limit of the measuring
equipment discussed above. However, to maintain this high
p. criterion to low fields where J, is large, the E-J character-
istic must be measured to impractical levels of electric field
where thermal runaway can occur.

Offset criterion. To mintmize these problems, a criterion
is proposed based on the long-standing concept of a flux flow
resistivity. J. is defined by taking the tangent to the £-J
curve at a given electric fleld criterion level £,. The critical
current is defined as the current where this tangent exirapo-
lates to zero electric field, as shown, for example, by the
current marked “J_ offset” in Fig. 1.

We have used this criterion for about a year with good
results in analyzing transport J, datain a variety of Y-, Bi-,
and Ti-based superconductors at magnetic fields from 10~*
to 10 T.> A typical comparison among J, values analyzed
using the three criteria is shown for a bulk sample of YBCO
in Fig. 2. A value of £, = 10 gV/cm was chosen for taking
the tangent in using the offset criterion, since this is low
encugh that it is comparable to typical electric field criteria,
but high encugh to be in the more linear region of the E-J
curves near H ;.

Asseen in Fig. 2, the three criteria lead to nearly identi-
cal J, values at low magnetic fields, but at high magnetic
fields the differences become significant. At high magnetic
fields, the offset J, is intermediate between the J, values
determined using the two conventional criteria in Fig. 2. J,
determined using the resistivity criterion can be either very
high or very low depending on the chosen value of g_. J,
determined using the electric field criterion is always large,
having a normal-state “tail” extending to high fields, as
shown in Fig. 2. The offset J, criterion yields a /. less than
that for the corresponding electric field criterion at the same
£, because the normal-state tail is eliminated.
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FIG. 2. Transport critical current density vs magnetic field characteristic
for a bulk polycrystatline YBCO superconductor analyzed using three crite-
ria.
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Figure 3 presents the # values for the sample in Fig. 2,
where n is the power-law exponent for the take-off of the £-J
characteristic at the superconductor-normal transition {or
equivalently, the take-off of the voltage-current or V-I char-
acteristic). Here n is defined by £« J” (or equivalently, ¥
a« "}, At low magnetic fields where the agreement between
all three criteria in Fig. 2 is fairly good, » is relatively high,
more than 30, as shown in Fig. 3. Near /4 ,, differencesinJ,
are much more pronounced since the take-off in the E-J
characteristic is very gradual, with » values less than 3.

The offset J. can be related simply to the electric field J,
by

Jgffset:.}gl.ﬁeld(l — 1/’2) (1)

Here the dependence of the difference between J ™' and
J <9 o5 5 can be seen expiiciily.

In the high magnetic field regime, the variability of the
measured J, with the chosen criterion level is typically much
less for the offset criterion than for the electric field or resis-
tivity criteria. At very high magnetic fields or wherever the
E-J curve becomes more linear after take-off, the offset J, is
nearly independent of the electric field chosen for taking the
tangent, as seen in Fig. 1.

Furthermore, with such an offset J, criterion, normal
metals such as copper do not appear to have a superconduct-
ing critical current. The linear £-J characteristic of a normal
metal always has an offset J_ that is zero. On the other hand,
if even a small nonlinearity is present in the E-J curve, the
offset J. has asmall but finite value, indicating that the mate-
rial is noi completely ohmic. Thus, the offset criterion is a
measure of the intrinsic superconducting properties of the
material and not so dependent on an arbitrary criterion level.

Finally, there is no difference in the treatment of J, in
the vicinity of &, for materials having different values of
normal-state resistivity g, . For the electric field or resistivity
criterion, samples with low g, have J, values blased toward
higher values than samples with high p,,, especially near /,
{see Fig. 1). For the offset criterion, however, J, approaches
zero where the E-J characteristic becomes ohmic, regardless
of the value of p,, . Thus, comparisons between different ma-
terial systems having significantly different values of p,,, as
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FIG. 3. Transition parameter » vs magnetic field characteristic for the same
butk high T, superconductor as in Fig. 2.
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between Tl and Y superconductors, are not biased at high
fields.

A further complication with high T, superconductors is
that there can be significant flux-creep voltages at low cur-
rents, especially in single-crystal samples,”® which can
further interfere with the definition of J, using a resistivity or
electric field criterion.” Flux-creep effects, when present, re-
sult in a low-resistivity, linear £-J characteristic through the
origin extending up to the nonlinear region.®” The magni-
tude of this effect is not necessarily large but can vary greatly
with intragrain defect structure and surface pinning (espe-
cially in film materials).

Fortunately, the presence of thermally activated fiux
creep does not interfere with the offset definition. In contrast
to the low-current flux-creep voltages, the offset J, criterion
being described here is appiicable to defining a flux flow or
depinning critical current at high currents. The J, so defined
depends entirely on back extrapolation of the £-J character-
istics from currents where flux-flow voltages dominate. (Al-
ternatively, if flux-creep voltages are large enough {0 mea-
sure, and a low E, is chosen to probe the low-current, linear
flux-creep regime, the resulting offset J, would be zero be-
cause of the ohmic nature of the E-J characieristic in this
regime; this makes much more physical sense than an arbi-
trary, finite J, that would be obtained using either an electric
field or resistivity criterion. )

In the flux-flow regime there is generally a nonlinear
region of the ¥~/ curve, foliowed by a region that is usually
more linear when vortex pinning is weak, as at high magnetic
fields approaching H_,. The nonlinear region leading into
the linear region has been explained in terms of different
mechanisms, including fux creep.®*>™ It can also be ex-
plained simply in terms of a variation in the iocal value of the
depinning critical current along the length of the sample'!™*
or along percolation paths within the sample, resulting from
variations in purity, crystal structure, crystal orientation,
stoichiometry, or surface conditions. This is the situation
especially at high fields near &, where the effects of materi-
al inhomogenetties on J,. become magnified.

The offset J,. has a simple physical interpretation in this
case.'” Assume that the sample has a normalized distribu-
tion g{/.) of locally varying critical currents along its
length, with minimum and maximum critical current values
I™ and 7™, [ The second derivative &V /dI ? of the non-
linear region is directly proportional to g([f, ), asseming the
flux-flow resistivity of the sample is spatially constant.!']
Above 17 the V-7 characteristic will be linear. if £, is in
this linear region,’” we obtain a very simple expression,

max
"

. e g
I¢ ‘“‘:f glidi.
pmin
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That is, the offset critical current near &, (or wherever £ is
in the approximately linear region) corresponds physically
to the guverage I of the depinning critical-current distribu-
tion g(Jf.} in the sample.

Thus, the offset criterion is useful for studies of intrinsic
superconducting properties. It defines 2 superconducting J,
that goes to zerc where the E-J characteristic of a material
becomes completely ohmic, unlike conventional criteria
where the defined J, is the result of an arbitrary interaction
between criterion level and normal-state conduction. Of
course, for a specific engineering application where a voltage
or resistance level can be specified (and if' it does not matter
whether the conduction is via superconducting or normal-
state current), any of the three criteria can be used about
equally well. (Most applications, though, utilize supercon-
ductors operating where they have high J. and », precisely
the regime where the distinction between the three criteria
becomes move of a moot point.} However, from a physics
standpoint when studying the superconducting properties of
a material, especially at high fields or temperatures, the off-
set criterion is preferred because the approach of Jo™* 15
zero intrinsically defines where the E-J characteristic be-
comes ohmic. Essentially, the offset criterion is similar to the
electric field criterion [see Eq. (1}], but it eliminates the
normal-conduction component inkerent to the electric field
criterion, and much of the arbitrariness associated with the
criterion level when J, and # become small.
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