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Here, the anisotropy between the longitudinal and transverse directions of multi-filamentary
Bi2Sr2Ca2Cu3O10+x tapes (“in plane” anisotropy) is studied by transport and magnetization mea-
surements. By minimally manipulating experimental data, we quantify it using one number associ-
ated with transport measurements, and two numbers based on magnetization curves. We propose
that the simplest and most reliable number is that based on the magnetization loop width. We
propose that the best way to evaluate the in-plane anisotropy is to measure the vertical width of
the M vs. H loop, where H is applied along two mutually perpendicular directions lying on the
wide face of the tape.
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I. INTRODUCTION

From ceramic superconductors [1–6] to tapes [7–9],
coated superconductors [10, 11] and films [12–14], the
effects of inhomogeneities on superconducting properties
have been systematically studied in the last decades. The
effects of extended defects on the supercurrents along the
longitudinal direction have been well studied for tapes
and coated conductors [15, 16]. Despite the fact that the
in-plane transverse direction constitutes the only avail-
able path for the current in the presence of lateral cracks
[19, 20], transverse current transport has been rarely
studied in superconducting tapes [17, 18].

Magneto-optics has been used to investigate the trans-
verse critical current of Ag-sheated multi-filamentary
Bi2Sr2Ca2Cu3O10+x tapes [21, 22], showing moderate
anisotropy between the longitudinal and transverse dis-
sipations only at low temperatures. Later on, we have
found and characterized the anisotropy in the dissipation
associated with transport currents in the longitudinal vs.
transverse directions for similar tapes [23–26].

Finding new and simpler ways to determine the “in-
plane” anisotropy in multi-filamentary BSCCO tapes can
be very helpful. Here, the anisotropy between the longi-
tudinal and transverse directions of multi-filamentary su-
perconducting tapes of Bi2Sr2Ca2Cu3O10+x is studied
by means of transport and magnetization measurements.
Two different criteria based on magnetization curves and
other associated with transport measurements were de-
fined, resulting in adimensional numbers associated with
the anisotropy in the plane of the tape. The pros and
cons of each criterion are discussed.

II. EXPERIMENTAL DETAILS

The original tape was prepared by the powder-in-tube
method [27]. It is 4.32 mm wide and 0.23 mm thick;
and has an engineering critical current of 65 A at 77 K,
equivalent to a critical current density of 6540 A cm−2.
The tape contains 61 filaments and each one is 0.3-0.4
mm wide and near 25 µm thick (see Fig. 1(a)).

Transport measurements were performed using the
four-probe technique on narrow bridges cut from the tape
in the longitudinal and transverse directions as shown in
Fig. 1(b). Then, we were able to study separately the
conduction along the longitudinal and transverse direc-
tions.

To obtain the M vs. µ0H curves, the magnetization of
an almost squared slice of tape of approximately 4 × 4
mm2 was measured using the Vibrating Sample Magne-
tometry (VSM) option of a Dynacool Quantum Design
PPMS system with a maximum magnetic field of 9T .
The sample was glued to the VSM sample holder using

FIG. 1: Tape and bridges. (a) Cross-section of the BSCCO
multi-filamentary tape. (b) Sketch showing the extraction of
longitudinal and transverse bridges.
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FIG. 2: Sketch of a BSCCO sample used for magnetometric
measurements. The “Long” and “Trans” configurations are il-
lustrated by the orientation of the magnetic field. The shield-
ing currents associated with applied fields are represented by
closed loops with arrows indicating the current direction.

GE-7031 varnish.
A sketch of the sample, including the configurations

set in the magnetometer are shown in Fig. 2. Notice
that the shielding currents associated with the “Long”
configuration flow along the longitudinal and vertical di-
rections, and the shielding currents associated with the
“Trans” configuration flow along the transverse and ver-
tical directions. All measurements were done in the ZFC
regime.

III. RESULTS AND DISCUSSION

A. Analysis of transport data

The I-V curves measured on the longitudinal and
transverse bridges are the most direct way to obtain the
critical current density. In this section we reanalyze raw
data published in a previous paper by us [24].
If the standard electric field criterion of 1 µV/cm is

used to determine the critical current density values at
different temperatures from the I-V curves reported in
[24], the critical current density values extracted from
the transverse direction would be virtually zero, making
impossible the comparison between one direction and the
other. This happens because in this direction the current
cannot find a continuous superconducting path spanning
from one voltage contact to the other, because of the
silver matrix containing the filaments, so there is dissi-
pation for any nonzero value of temperature and current.
Defining “onset” critical current densities (Jon

c ) at elec-
tric field values sufficiently larger than 1 µV/cm allows
to evaluate the “in-plane” anisotropy in terms of the I-V
curves. Let JonT

c and JonL
c be the onset critical current

densities determined in the transverse and longitudinal
bridges, respectively. The temperature dependence of
the JonT

c /JonL
c ratio is shown in Fig. 3 for several val-

ues of electric field criteria in the range 0.004 V/m− 0.1
V/m.
Fig. 3 shows that there is always anisotropy in the

plane of the tape. The values of JonL
c are larger than

those of JonT
c indicating better superconducting proper-

ties in the longitudinal direction than in the transverse
one. The JonT

c /JonL
c ratio increases with temperature

for low electric field criteria, indicating an anisotropy de-
crease. For larger criteria it slightly decreases with tem-
perature. The inset of Fig. 3 shows the anisotropy cal-
culated as before, except for the fact that the transverse
critical current was determined after subtracting the lin-
ear contribution of the Ag matrix from the I-V curves. As
a result, all curves move up (i.e., less anisotropy is seen)
and the anisotropy number depends less on the voltage
criteria. The extrapolation of all the curves at high tem-
peratures suggests the existence of anisotropy not only in
the superconducting state but also in the normal state.
It may have different causes. Firstly the cold working
may have produced anisotropy in the Ag resistivity –that
can be of the order of 5% [28]. Secondly, the anisotropy
may be related to the morphology of the tape: the differ-
ent configurations of silver paths in the longitudinal and
transverse directions make the current flow along a larger
path in the transverse direction, so the effective resistiv-
ities are different in both directions in the normal state.
Finally, the nature of superconducting vortices and their
pinning are different for both configurations.

B. Magnetization measurements

To further investigate the anisotropy in the supercon-
ducting BSCCO tape, two different criteria based on
magnetization curves were defined. The first criterion
is based on the magnetization loops widths ∆M at zero
applied field and the other is related to the full penetra-
tion fields H ′

p [29] measured in the “Long” and “Trans”
configurations of the applied field. In order to illustrate
how this information is extracted from the magnetization
loops, Fig. 4(a,b) presents a sketch of two magnetiza-
tion loops as measured in the “Long” (black curve) and
“Trans” (red curve) configurations at a given tempera-
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FIG. 3: Anisotropy of the onset critical current density. Tem-
perature dependence of the JonT

c /JonL
c ratio for different val-

ues of electric field criteria. The inset shows the anisotropy
calculated after subtracting the linear slope associated with
the Ag matrix from the transverse I-V curves.
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ture. The minimum observed in the initial magnetization
curves corresponds to the value of the full penetration
field. We are assuming that it is given by H ′

p = Hc1+Hp,
where Hc1 is the first critical field of the sample, and Hp

is the “pure” full penetration field as defined by Bean
[29] (while Kim’s model is, in principle, a more accurate
choice to describe our magnetization loops, we will use
Bean’s model for the sake of simplicity). Fig. 4(a) also
illustrates how ∆M is determined. It should be noted
noted that both Hc1 and H ′

p are effective values associ-
ated with the whole composite.

The hysteresis loops for the “Long” and “Trans” con-
figurations were measured at 70 K, 80 K, 90 K and 100
K. In Fig. 4(c,e) the magnetization loops for two values
of temperature in both configurations are shown. No-
tice that no diamagnetic backgrounds were subtracted
from the graphs, since they were negligible (if that con-
tribution is significant, it should be eliminated, as illus-
trated in [30]). It is not difficult to note the differences
between the magnetization loops widths for the “Long”
and “Trans” configurations. The displacements of the
minima of the initial magnetization curves (H ′

p) for all
temperatures are not that evident from Fig. 4(d,f), but
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FIG. 4: Magnetization loops. (a) Sketch illustrating the
main relevant parameters in the configurations “Long” (black
curve) and “Trans” (red curve). (b) Initial magnetization
curves sketch illustrating HT

c1, H
L
c1, H

′T
p and H ′L

p . (c) Mag-
netization loops at 70 K. (d) Initial magnetization curves at
70 K. (e) Magnetization loops at 100 K. (f) Initial magneti-
zation curves at 100 K.

they can be easily verified through the first derivative of
the magnetization.

Fig. 5 shows that the anisotropy associated with
the width of the loops is within the range 0.75 ≤
∆MT /∆ML ≤ 0.78, and that it does not depend sub-
stantially on the temperature. The connection of this
parameter with the anisotropy in the current distribu-
tion inside the multi-filamentary tape is not straightfor-
ward. Modifications of Bean’s model to account for the
presence of anisotropic critical currents plus demagne-
tization effects have been thoroughly treated in the lit-
erature, especially for the case of HTc crystals, where
critical current densities are much bigger along the ab-
planes than along the c-axis, while demagnetizations are
typically much smaller for magnetic fields applied along
the ab-plane than for those along the c-axis (a,b can-
not be confused with sample dimensions shown in Fig.
2) [31–33]. In our case, there are further complications:
instead of crystals, we have filaments formed by a collec-
tion of inter-connected crystals, and the filaments them-
selves are arranged anisotropically inside the tape, so
the whole composite eventually displays granular-like be-
haviour and anisotropy at different levels [34].

It is instructive to illustrate the complexity of the
situation by applying to our data a version of Bean’s
model that assumes anisotropic currents, but no demag-
netization –which should not be very important in our
case, since we measure ∆M by applying relatively large
magnetic fields parallel to the wide face of the sam-
ples. Gyorgy et al. [31] analyze the case of a super-
conducting slab of rectangular cross section of dimen-
sions l and t with critical currents Jc1 and Jc2 flow-
ing parallel to l and t, respectively. If we translate
their results to our case (Fig. 2) assuming a = b, we
get ∆MT /∆ML = (JT

c /JL
c )[1 − (dJT

c )/(3aJP
c )]/[1 −

(dJL
c )/(3aJ

P
c )] if JT

c /JP
c < a/d and JL

c /J
P
c < a/d, while

∆MT /∆ML = [1 − (aJP
c )/(3dJT

c )]/[1 − (aJP
c )/(3dJL

c )]
if JT

c /JP
c > a/d and JL

c /J
P
c > a/d. In the previous

equations, JL
c and JT

c are the effective critical current
densities along the longitudinal and transverse directions
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FIG. 5: Temperature evolution of the two anisotropy param-
eters based on magnetization curves (see text).
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of the tape respectively, and JP
c is the analogous value

along the direction perpendicular to the wide face of the
tape. In order to understand the relation of the mea-
sured anisotropy in the width of the magnetization loops
with the anisotropy between the in-plane critical current
densities, a reasonable strategy would be to measure the
transport critical current density perpendicular to the
wide plane of the tape, so we are able to fully under-
stand the previous equations. It will be the subject of
future work.
Let us now explore a second criterium to evaluate in-

plane anisotropy based on the magnetization loops: the
comparison of the magnetization minima H ′

p. We are as-
suming thatH ′

p = Hc1+Hp, whereHc1 is the first critical
field of the sample, and Hp is the “pure” full penetration
field as defined by the critical state model [29]. Looking
at Fig. 4 we can see the differences of the minima in
the “Long” and “Trans” configurations. Fig. 5 shows
the temperature dependence of the anisotropy expressed
as the ratio between the transverse and longitudinal full
penetration fields, H ′T

p /H ′L
p . If we follow the same ra-

tionale as in the case of the anisotropy in the magneti-
zation loop widths, the anisotropy of the magnetization
minima would indicate stronger superconductivity along
the transverse direction, which seems to contradict the
previous measurements. We speculate that the observed
anisotropy in H ′T

p /H ′L
p could be provoked by the effect

on HT
c1 and HL

c1 of the demagnetization associated with
the different configurations of superconducting filaments
that the magnetic field finds when applied along the lon-
gitudinal and transverse directions. Notice that demag-
netization effects are more important at low fields, so
we did not considered them when discussing the former
anisotropy criterion based on the width of the magneti-

zation loops.

IV. CONCLUSIONS

We have defined a variety of criteria –based on minimal
manipulations of transport and magnetic measurements–
to quantify the “in plane” anisotropy in a BSCCO multi-
filamentary tape. Under all criteria, anisotropy has been
found.

We propose that the simplest, most practical and re-
liable criterion to evaluate the in-plane anisotropy is the
comparison of the hysteresis loop widths applying the
magnetic field in two mutually perpendicular directions
parallel to the plane of the tape. Notice that this kind of
measurement only requires a 90◦ turn in a magnetometer,
and is very robust since it does not require an ad hoc rule,
like the establishment of electric field thresholds used in
the transport measurements.

Further studies are needed to understand in detail how
the precise morphology of the tapes influence the in-plane
anisotropy.
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