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We propose a model for a superconductor-metal composite that allows to derive intrinsic transport
properties of the superconducting phase based on 2D images of its cross section, and a minimal set
of parameters. The method is tested experimentally by using, as model composite, a “transversal
bridge” made on a Bi,Sr>Ca,Cuz010.x (BSCCO)-Ag multi-filamentary tape. It is shown that the
approach allows to predict the measured / — (E) curves of the filaments. In addition, one can deter-
mine the critical current anisotropy between the longitudinal and transverse directions of the Ag-
BSCCO tape, and also of its superconducting filaments separately, which emphasizes the role of

the morphology of the composite in the transport properties. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902357]

Inhomogeneities—being accidental or intentional ingre-
dients of a superconducting material—have been and still
are of major concerns for producing new and improved devi-
ces. From bulk superconductors'™ to wires,’ tapes,”® coated
conductors,” ! and films,'>™'* the effects of inhomogeneities
on the superconducting properties have been intensively
studied—typically exploring the relations between morphol-
ogy and the electric, magnetic, and thermal behavior of the
materials. In composites where superconducting filaments
are embedded in a metal matrix, there is obviously a large
electromagnetic anisotropy between the longitudinal and
transverse directions of the tape. This anisotropy, fundamen-
tal to AC losses'> and to the ability to circumvent transverse
cracks'®!'” by redistributing currents among different fila-
ments,'® has been rarely studied in tapes.'*>*

In this paper, we introduce a model to describe the dissi-
pation characteristics of inhomogeneous superconductor-
metal composites. The approach is based on a differential
equivalent circuit representing the material, combined with
real data from 2D image analysis of the samples. The model
is tested experimentally by measuring / — (E) characteristics
of bridges prepared from a Bir)Sr>,CayCuz010,.x (BSCCO)-
Ag multi-filamentary tape. We demonstrate that the model is
able to predict the dissipation properties of the superconduct-
ing filaments alone, using a single free parameter. Thus, it
becomes a tool to determine the properties of the supercon-
ducting phase without physically isolating it from the com-
posite. In addition, we determine the anisotropy in the
critical current density between the longitudinal and trans-
verse directions of the tape—a parameter that is relevant for
understanding failure in the presence of transversal cracks.
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Based on the model, we also quantify the critical current
along the longitudinal and transverse directions for the fila-
ments separately.

The model system is assumed to be a composite made
of one metallic and one superconducting material, forming a
two-layer structure as shown in Fig. 1. This constitutes a
current-carrying element of constant total cross-section S, a
rectangle of width w and thickness ¢. The partitioning of the
cross-sectional area may vary along the direction of current
flow, taken as the x-axis. Thus, the two areas satisfy
S(x) + S,,,(x) =Sg, where, here and in definitions below, the
subscripts s and m represent the superconductor and metal
parts, respectively. The (critical) current, above which dissi-
pation starts at x at a given temperature, is denoted as i.(x).

Figure 1 also shows the equivalent circuit of the
superconductor-metal composite between two points along

FIG. 1. Sketches of model and experimental bridges. (a) Diagram of the
superconductor-metal composite. The inset shows the equivalent circuit of a
differential section, dx, of the composite along the direction of current, /. (b)
Longitudinal bridge. (c) Transverse bridge.
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the axis x separated by a distance dx. The differential resist-
ance of the metallic component is given by dR,,(x) = p,.dx/
S,.(x), where p,, is the resistivity of the metal. We assume
that the differential resistance for the superconducting com-
ponent is zero below 7. and jumps to a large value as i.. is sur-
passed. Based on experiments on individual BSCCO
filaments carefully isolated from a multi-filamentary tape,'®
we will also assume that the resistivity of the superconduct-
ing part is much bigger than that of the metallic one, wher-
ever I > i.(x). Then, as a current / enters the bridge, it splits
into two parts so that at every position one has
I=1,(x)+I(x). In those x where I <i.(x), all the current
flows through the superconductor without dissipation.
Wherever [ >1i.(x), a current /(x) =i.(x) passes through the
superconductor, and the excess current, [,(x)=1—i.(x),
flows in the metal. The resulting differential voltage will be
given by dV =1,(x)dR,,. Therefore, the average electrical
field measured between two probes located at x; and x, can
be calculated as

(E)1n(D)

o rl — ie(x) O —ic(x))dx, (1)

T —x v Sm(x)

where O is the unitary-step Heaviside function. The critical
current at position x is i.(x) = Sy(x)j.(x), and j.(x) is the criti-
cal current density. We will analyze just two cases: (A)
when S is constant while j.(x) and i.(x) are not, and (B)
when j. is constant while S,(x) and i.(x) are not.

Case A: Assuming a constant S; and therefore also con-
stant S,,,, Eq. (1) can be written as

(E)(1) = pmism r (I —ic(x))O[ —ic(x)]dx. (2)
X —x1 )y,

Following Baixeras and Fournet,23 let us introduce a dis-
tribution function, p(i..), for the values of the critical current
and rewrite Eq. (2) as:

1
©lt) =22 | (1~ iptidic G
mJo
We will assume for 7. a normal distribution
» U Gie
plic) = e ; 4)
oV2n

with mean i, and variance ¢, as used before for high temper-
ature superconducting tapes by Edelman and Larbalestier®
based on the previous work of Hampshire and Jones.** Since
i cannot be negative, they proposed to contract the negative
tail of the distribution into a delta-function at i.=0, to
account for the positions where there is no superconductor.
Using this, substitution of Eq. (4) into Eq. (3) gives

[ . 1 i |
(E),(I) = P_J (I—i.) e 2 di,

Sm Jo oV2n
. 5)
Pm 1 =i
+=—=1 e 22 di,.
Sm —00 O 27'C

An expression analogous to this has been reported
before,?” but here we have obtained it starting from Egs. (1)
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and (2), which will facilitate the derivation of Case B.
Equation (5) has three parameters: i, o, and p,,/S,,, but p,,/
S,. can be estimated from the literature (p,,) and from Fig.
2(a) (S,,), so only i, and ¢ are free.

Case B: Having now a constant critical current density,
one can write

i),

Sm(x) = S() — ]

(6)

Therefore, (1) can be expressed as

©u() = L2 "= o i )

Xy — X1 )y, Lo — ic(x)

where Iy=j.Sp. Assuming again a distribution function,
p(i.), the expression (7) can be written as

! . =2
P I—i. 1 —lei?
E) ,(I)==—1I 2 di,
R e v . .
0 =32
Pm 1 —lie=ie)” .
—&——IJ e 2 di,.
SO —QQO'\/ETE

Equation (8) involves four parameters: Iy, p,,/So, i., and
o, but we can estimate p,/Sy from experimental data.
Moreover, i.(x)/Io=Sx)/So=s(x); hence, the variables
i.(x)/I and s(x) have the same distribution function.
Therefore,
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FIG. 2. (a) Upper panel: optical picture of the cross section of the tape.
Lower panel: fraction of the cross sectional area occupied by superconduct-
ing filaments, s(x), along the width of the tape (x-axis here taken as in Fig.
1(c)). (b) Distribution function of s(x) extracted from Fig. 2(a) between the
positions of the voltage probes in the transverse bridge (dashed lines).
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ic/lo =5 and a/ly = ay. 9)

Then, knowing s and ¢, by measuring the structural
properties of the composite and estimating p,,/Sy from the
literature (p,,) and from Fig. 2(a) (Sy), we are left with only
one free parameter: /; while the values of i, and ¢ are deter-
mined from (9).

In order to test the model, we use experimental curves
published in a previous paper by our group> as well as some
extra data obtained under similar experimental conditions,
briefly described here. Samples were prepared from a silver-
sheathed 61-filament Bi,Sr,Ca;Cuz01¢ . tape (BSCCO-Ag),
measuring 4.32mm in width and 0.23mm in thickness.
Displayed in the upper panel of Fig. 2(a) is a micrograph
image of the tape cross-section, where the bright region is
the metal part. Each superconducting filament is 0.3—0.4 mm
wide and a few microns thick and appears black in the pic-
ture. The overall critical current of the tape was /. =65 A at
liquid nitrogen temperature. Narrow bridges with 0.30 mm
of width were cut from the tape using a laser technique.?*°
Current-voltage curves were measured using the four-probe
technique. The current contacts were attached outside the
narrow bridges and far from the voltage contacts, i.e., on the
wider areas shown in Figs. 1(b) and 1(c), to guarantee that
possible current contact heating had minimal effect on the
voltage measurements.

Longitudinal bridges (see Fig. 1(b)) were cut from the
original tape. In this bridge, we assume that the cross section
of the superconducting phase is a constant, like in Case A of
the model (although the filaments cross section is not ideally
constant,16 their variations are not as big as those in the fila-
ment/silver ratio found in our transverse bridges, illustrated
in Fig. 2(a)). Figure 3 shows, in solid lines, the fits of experi-
mental (E) — I curves for different temperatures 7, using the
formula (5) with the parameters shown in Table I. The pa-
rameter p,,/S,, was fixed by taking the values reported by
Smith and Fickett®” for p,,(T), while S,,=3.93 x 10~* cm?
was estimated from Fig. 2(a) for the region corresponding to
the bridge (between the dotted lines). This way, only 7. and
o were used as free parameters.

The transverse bridge (see Fig. 1(c)) was used to test
the Case B of the model. Here, we will assume that the
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FIG. 3. (E) — I curves for the longitudinal bridge. Open circles correspond

to experimental data for contacts separation of 2.92 mm. The solid lines fol-
low formula (5) with parameters values from Table 1.
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TABLE I. Longitudinal direction: fitting parameters.

T K) i(A) o (A) (%) (42
97.5 2.60 0.22 8.46 1106
100 2.23 0.28 12.6 1144
102.5 1.73 0.26 15.0 1170
105 1.25 0.23 18.4 1208
107.5 0.79 0.18 22.8 1233
110 0.36 0.13 36.1 1259

critical current density is a constant and the distribution of
critical currents is due to the variable cross section of the
superconducting phase (see Fig. 2(a)). Figure 4(a) shows raw
(E) — I curves in the transverse direction—notice that, since
the distribution of the superconducting and metal compo-
nents is almost constant along the length of the tape, (E) — I
curves measured on transverse bridges cut at different posi-
tions along the tape are repeatable, provided that the voltage
probes are at the same positions within the bridge. As
reported earlier by us,22 due to the inter-filament silver in the
way of the current as it percolates through the transversal
bridge, dissipation is present even at low applied currents.
We assume that such dissipation contributes to the
curves of Fig. 4(a) as low-curvature components that can be
fitted by an expression of the type (E) ~ I'''* for each tem-
perature. Then, the dissipation associated to the metal phase
can be removed from the data just by subtracting those low-
curvature fits, which results in the graphs shown in Fig. 4(b).

38
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FIG. 4. (E) — I curves for the transverse bridge. (a) Raw experimental data
for contact separation of 2.61 mm. The inset shows the same data on a wider
vertical scale. (b) The circles show the experimental data in (a), after sub-
tracting the low-curvature components. The solid lines follow formula (8)
with parameters values from Table II.
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TABLE II. Transverse direction: fitting parameters.

T(K) Iy (A) io(A) o (A) ()
85 10.7 3.43 0.92 507
87.5 9.62 3.08 0.87 529
90 8.62 2.76 0.78 551
92.5 7.35 2.35 0.66 580
95 6.31 2.02 0.57 609
97.5 5.15 1.65 0.46 630
100 4.03 1.29 0.36 652
102.5 2.97 0.95 0.27 667
105 2.00 0.64 0.18 689
107.5 1.02 0.33 0.09 703

Figure 4(b) shows, in solid lines, the fits of the (E) — [
curves, using the formula (8) with the parameters shown in
Table II. Notice that in all cases, i, = 5y = 0.321, and
g=0dy=0.091,, where the values of 5§ and g, were
extracted from the distribution shown in Fig. 2(b) (corre-
sponding to the image displayed in Fig. 2(a)). Moreover, the
parameter p,,/So was fixed by taking the values reported by
Smith and Fickett®” for Pu(T), while So=6.90 x 107% cm? is
the cross section area of the bridge. So [ is the only free pa-
rameter in the fits.

We devote the last part of the paper to determine and
compare the critical current densities in the longitudinal and
transverse directions of the tape. The critical current 7. along
both directions was computed using a voltage criterium of
1 uV cm™'. With those values, the engineering critical cur-
rent density J¢"¢ =i./Sy was calculated (in the transverse
direction, i. was extracted from Fig. 4(a)). The square sym-
bols in Fig. 5 represent the values of J¢*¢ in both directions.
The model allows to estimate the “intrinsic” critical current
density of BSCCO filaments, //'. In the longitudinal direc-
tion, Jf:.” =1i./Sy =i./(So — Sm). In the transverse direction,
an analogous expression for J/" is not easy to obtain, but
according to the model J/" = I,/S,. Figure 5 shows, with
circles, that the values of Jf:” are very similar in both direc-
tions. This is expected if one assumes that most conduction
along the longitudinal and transverse directions takes places
along the a-b planes of the BSCCO crystals forming the
filaments.
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FIG. 5. J~T curves for the longitudinal and transverse directions. Inset: temper-
ature dependence of the engineering lateral-transversal anisotropy (Eq. (10)).

Appl. Phys. Lett. 105, 202604 (2014)

The anisotropy in our system can be quantified as

A;'tng — Jeng Jeng (10)

Clong ! Ciran”?
where Jf[”fg and J¢" are the engineering critical current den-
sities along the longitudinal and transverse directions,
respectively. The inset of Fig. 5 shows that A} decreases
linearly with the temperature, approaching a finite value at
T=T.

Since the curves represented by circles in Fig. 5 corre-
spond basically to the conduction through the filaments, the
anisotropy in the engineering critical currents must be due
basically to the currents circulating through the silver matrix.
Understanding it in detail requires percolation simulations,
which will be published elsewhere.

In summary, we have proposed a simple model to under-
stand the dissipative behavior of non-homogeneous super-
conductor-metal composites submitted to a transport current.
In the case of bridges cut from multi-filamentary BSCCO
tapes, the model allows to determine “intrinsic” transport
properties of the superconducting filaments without isolating
them from the matrix.

Finally, we have quantified the anisotropy of the tapes
between their longitudinal and transverse directions—a pa-
rameter of relevance if transversal cracks force the current to
detour from the main direction of the tape. We have shown
that the “engineering” anisotropy of the tape is mainly asso-
ciated to the current circulation by the metallic phase of the
composite. Further percolation studies will allow to under-
stand in detail that scenario.

We thank J. Carrillo and G. Sanchez-Colina for
experimental help, and Z. Han for providing the tapes. E.A.
thanks a TOTAL-ESPCI ParisTech Chair for partial support
and the late M. Alvarez-Ponte for inspiration.
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