PHYSICAL REVIEW B

VOLUME 45, NUMBER 5

RAPID COMMUNICATIONS

1 FEBRUARY 1992-1
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A grain-structure model is used to obtain the low-temperature transport properties of polycrystalline
Bi-based high-temperature superconducting tapes, including the magnetic-field-dependent critical
current. The grain structure is regarded as resembling a brick wall, such that the net horizontal super-
current passes from brick to brick chiefly through the horizontal junctions between bricks. A high-
field critical-current plateau is predicted, assuming inhomogeneous Josephson junctions between highly

anisotropic superconducting grains.

I. INTRODUCTION

The critical-current density J. of polycrystalline high-
temperature superconducting Bi 2:2:1:2 and 2:2:2:3 tapes
shows an extraordinary magnetic-field dependence at low
temperatures.'_3 In the most dramatic example, a Bi
2:2:2:3 tape studied by Sato et al.? shows a zero-field
current density Je.o of 3x10° A/cm?, which, in fields
above Ho==1 T applied parallel to the tape plane, drops
to about J.; = 1x10° A/cm?, this level persisting up to
the highest measured fields (H, =23 T).

To explain this high-field plateau, Tenbrink, Heine, and
Krauth' invoked a conventional bulk-pinning argument,
ignoring the possibility of grain-boundary weak links. Jin
et al.® also argued that the presence of the high-field J.
implies that the grain-boundary links in the Bi materials
aré for some reason” “miid™ or *“sirong.” > Yet Dimos,
Chaudhari, and Mannhart* showed a strong reduction of
the critical-current density in YBa,Cu30; across grain
boundaries in which the ab planes are tilted or twisted
with respect to each other. The similarity of the
YBa,Cu3;O7 and the Bi materials suggests that the grain
boundaries in Bi materials might behave similarly and act
as weak links. If so, can one find an alternative explana-
tion for the high-field J.? In this paper we do this, based
on a grain-structure model for J.. This “brick-wall” mod-
el® is shown in Fig. 1. Each brick represents a crystal
grain, and all the crystals are assumed oriented along a
common c¢ axis normal to the tape plane, while the orien-
tation of the a and b axes of the grains is random in the
tape plane. The thickness D of the grains is small com-
pared with the length 2L along the principal tape axis,
while their width W is comparable to the length. This
model closely resembles the experimentally observed mi-
crostructure. -2

Because of the weak links we suppose that electrical
contact between the short sides of adjacent grains can be
neglected in the presence of a magnetic field. At the same
time, we assume that, because of adequate flux pinning,
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current flow along the ab plane within the grains does not
play a limiting role in determining the overall current den-
sity. The supercurrent density flowing down the tape will
weave around the obstacles to flow, as shown schematical-
ly in Fig. 1. We assume that the linear dimensions of the
Josephson junctions are smaller than the Josephson
penetration depth, so that we are in the “small-Jo-
sephson-junction” limit, where self-field effects can be
neglected. Thus the net supercurrent will be limited by
the Josephson critical-current density j. across the c-axis
twist boundaries. We use j to describe the current density
along the ¢ axis in contrast to J, which describes the net
current density along the tape in the ab plane. In such a
model the field and temperature dependence of j. and J,
are the same; they are related by J. =j.L/D. We assume
that the zero-field Josephson critical-current density j:,' of

-~the cvaxis- twist boundaries is much-smatier-tivanthe corre-

sponding value jj characterizing the Josephson coupling
of the CuO layers inside the grains.

T c WIRE AXIS
P

FIG. 1. Brick-wall model. The length of each superconduct-
ing brick is 2L and the thickness is D.
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In the following the dependence of macroscopic critical
currents of the system on magnetic field H parallel to the
ab plane is considered, and the dependence on the perpen-
dicular field is discussed. The concepts here include (1)
the generalization of the dependence of the Josephson
current on applied field from the standard case of weak
magnetic fields (H < H., ) to the case of strong fields
(H>H,, ;) and (2) treating the small-junction limit in
the case of highly anisotropic superconducting grains, in-
cluding the case of inhomogeneous junctions. Here we use
H.\ ¢ to denote the lower critical field of the supercon-
ducting grains that form the junction.

II. DEPENDENCE OF CRITICAL CURRENT ON
PARALLEL MAGNETIC FIELD

To study the effect of the mixed state on the properties
of the Josephson junction, we obtain first the equation for
the gauge-invariant phase difference across the junction in
an applied parallel magnetic field Ho>> H. ;. The super-
conductors initially are assumed to be thick (D>2,,) and
long (L>>A.), the penetration depths of the superconduc-
tors are A, and A, and the junction is along the ab plane
(xy plane).

Integrating A along the path shown in Fig. 2 and using
the expression for the current density inside the supercon-
ductors, ji = —(c/4mr2) [(po/27)VD; +Al, we obtain
the relation

2

2 v =Hx3d— 2 [0 _ 0] m

2r c
where k =1,2 denote the superconductors forming the
junction, Z is the unit vector in z direction, ®; is the
phase of the order parameter in superconductor k, ¢o
=nhc/e is the flux quantum, A is the vector potential,
=0, —®;— (2n/¢g) f{dz A. is the gauge-invariant
phase difference, 4 is the spacing between superconduc-
tors, and j{* is the current density at the surface. The
magnetic field H inside the junction and the phase

1 —>zf]<—2

FIG. 2. Junction between two bricks showing the integration
path used to derive Eq. (2). Shading represents the vortex-filled
region. The vortex-free region is of thickness z,.

difference ¢ depend on coordinates x and y.

In the mixed state, screening currents flow in the
vortex-free region near the surface. The thickness of this
region is z; (Ref. 6) (see Fig. 2). Because of these
currents, in the equilibrium state, the locally averaged
magnetic field h(r) drops from its surface value H(x,y)
to the induction B inside the superconductors as z in-
creases from the surface (z=0) to z,. Solving the Lon-
don equation for the magnetic field, we obtain

h(r)= H(x,y)sinhzf_z +Bsinh—= /sinh 2 ,
Aab Aab Aab

2

where H and B are parallel to the junction and z
=)a cosh “'(H/B) is determined by the requirement that
Jx=Jjy=0at z=z,. Inside the junction H coincides prac-
tically with the applied field H,, and thus H, and B deter-
mine z;. Using Maxwell’s equations we find the surface
currents j&*:

i) == (x,py)

2

Zx |H(x,y)coth 2/ Besch—L
47[Xab

A-ab Aab

(3)

Using (1), (3), the Maxwell equation (VxH).=(4x/
¢)j: =(4n/c)j{ sing, and assuming constant B we obtain
the sine-Gordon equation:

VZp— (1/A)sine =0, A} =ceo/872Aj{ , (4)

where A;=d+2Ag coth(z;/Az). Equation (1) with the
help of (3) gives the equation for ¢ for distances z, <r
<A, counted from the edge of a junction (boundary con-
ditions):

V¢=—ﬁAoiXHa, Ao=d+2r,tanh Zi . (5)
¢0 )\rah

Thus we find the Josephson penetration depth A, (H) and

the length Ag(H) which determines the spatial variation

of ¢ in magnetic field. The similar expressions for A and

Ay with D instead of z, were obtained for a junction made

of thin superconductors in the absence of vortices
(H<H.).

For a short Josephson junction (z; <L «,) the criti-
cal current is

aHLAo(H)

sin
%o

In the presence of vortices the period of oscillations de-
pends on H via Ag(H). The lengths Ag and A can be ex-
pressed via the averaged magnetization of superconduc-
tors M(H). We note that Ag=A,=d+2A, for H
<H: g When H>H. , and —4xM < H, we obtain
zp=Aa[87|M(H)/H|] 172" As H increases, the magneti-
zation and the length Ao decrease; for H>H.| g,
Ao=d+2z; and A¢ approaches d in the high-field limit.
On the other hand, when H>H. , the length

()

rHLAo(H) ’ ©

Je(H)=j§
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A(H) =2)02%/z; grows with H; correspondingly, A, di-
minishes and approaches c¢ozf/8n27t3bjg (z; should be
larger than the interlayer spacing s in our phenomenologi-
cal approach for a vortex structure near the surface). We
note that inside the grains the internal Josephson penetra-
tion length Aoy is (cpos/87°A2jo), where s is the inter-
layer spacing. Thus A, > Ao, because z; > s and jg < jo.

We see that in a perfect short junction for H>H. 4
the dependence of j. upon H differs from the standard
Fraunhofer dependence if ¢o/2Aqs5L > H,\ 4, the decrease
of j. being slower and the period of oscillations larger.

Next we consider the combined effect on Ag of anisotro-
py and small dimensions of the superconducting grains in
the regime of weak fields (H < H.1z). In Bi 2:2:1:2 the
London penetration depths A. and A, for currents along
the ¢ axis and in the ab plane are quite different, with the
anisotropy ratio A./Aq, = 55 according to torque measure-
ments.® We assume a similar ratio for Bi 2:2:2:3. More-
over, the junctions in the tapes under study are not long;
thus D <Ag and L <A.. For superconductors with re-
stricted dimensions L and D we find the magnetic field h
using the London equation A2VZ2h,+A2VZh,=h, with
boundary conditions h=H at x=L/2, x=—L/2, z
=D/2, and z = —D/2. Then we obtain the currents at the
surface using Maxwell’s equation for h. To estimate the
role of anisotropy we approximate the superconductors on
both sides of the weak link by ellipses, neglecting the
geometrical misfit. As a result we find Ao =d + Da where
a=[1+(DAr./Lr;)2] "' These expressions give the
correct extrapolation to the limit DA./LA.,>1 (a more
complete treatment of the problem with the help of a stan-
dard Fourier decomposition gives qualitatively the same
result). We note that because of the coefficient a, which
can be small, the effective penetration depth Da is smaller
than the corresponding one in the isotropic case (D). We
note that Da= (\%/D)|M/H|, where M is the magneti-
zation of a grain. In the mixed state for high fields we
again obtain a vortex-free region near the junction with
thickness z,(H) obtained above. This behavior occurs for
zpLDand zA /Ay K L.

Thus for high fields of interest, Ao coincides practically
with d, and the period of the Fraunhofer oscillations is
determined by the field Ho=¢o/Ld.

Now we generalize to the case of a junction with disor-
der, where the value jg depends on coordinates x and y.
Yanson® first treated this problem for one-dimensional
disorder; we treat the two-dimensional case. We assume
that the random function jg(x,y) has the correlation ra-
dius rg; i.e., it does not change on a scale ro and on
different scales correlations of the critical-current density
are absent. Then the average critical current j. drops at
H = Ho=¢o/L Ao, but now we find that it approaches the
qggroximately constant value j., =(r$8j%/LW) "2, where
5% is the variance of the random value j{ (x,y). Above a
second characteristic field H ;== ¢o/roAo, the total critical
current approaches zero as H increases due to develop-
ment of the Fraunhofer dependence of the critical-current
density on H with the scale ro. Disorder in the vortex lat-
tice in superconductors causes qualitatively the same
effect as variations in the function jg (x,p).10

With some variation in grain size along the length of

the tape and distortions of the vortex lattice inside grains,
we expect J.(H) initially to decrease slowly up to a
characteristic field Ho=¢o/Ld, with higher-order oscilla-
tions averaged out. Beyond this field we expect a plateau
with the value J.; =/ L/D.

III. COMPARISON TO EXPERIMENTAL DATA

Here we compare the above theoretical results to the Bi
2:2:2:3 experiments of Sato et al.,? who find a zero-
applied-field current density J.o== 300000 A/cm?, a first
characteristic drop off field Ho=1 T, and a high-field
plateau J.; = 100000 A/cm?. There must be a second
characteristic dropoff field H, above 23 T. The corre-
sponding theoretical expressions in the high-field limit are
Jeoo=jdLID, Ho=oo/Ld, Jo.i= (j{ro/DINLI2ZW, and
H | = ¢o/rod. The result for J.; assumes that the variance
(?j—)ﬂz is (j3)2/2. If the grains are equiaxed in the ab
plane, 2L = W, and so J =jJrO/ZD.

First we note that the theoretical ratios are J.o/J.
=2L/ro and H,/Ho=L/ry, while in experiments the cor-
responding ratios are 3 and >23. We resolve this
discrepancy by noting that the experimental result for the
zero-field critical-current density J.o can be reduced by
the substantial self-field (of order 0.5 T) in these high-
current density tapes. Further reduction can be caused by
frozen-in flux,® for which there is evidence in these sam-
ples from transport-J,. hysteresis in increasing and de-
creasing fields.? Svistunov, D’yachenko, and Tarenkov''
recently interpreted this hysteresis in the context of
Yanson’s model. Thus, for experimental comparison we
focus only on J.;, Ho, and H,. Without more detailed
TEM studies, the actual value for the grain dimensions D
and L deduced from SEM micrographs? could lie any-
where in the ranges 0.01 <D <1 ym and 0.5<L <10
um. These experimental results, the formula for H, and
the estimate d = 10 A require us to consider an L =2
um. The ratio H,/Ho=L/ro> 23 then implies an inho-
mogeneity correlation length ro <1000 A, which seems
reasonable. Finally, the experimental result for J.
=j3r0/20, the inequality jg < jo, with jo==2.5%10°
A/cm? from A, = 50k = 10 um, implies a reasonable es-
timation D <1 um. The condition L <A,, which is neces-
sary for the small-junction limit to hold, is easily fulfilled.

We now discuss the effect of a perpendicular magnetic
field. In a brick-wall structure this field penetrates into
the sample in the form of vortices. Since the pinning sites
inside the grains are located randomly, the vortices are
misaligned in different grains and a component of the field
parallel to the junction between grains again exists.'?
Thus the effect of perpendicular field is qualitatively the
same as the effect of a parallel field, the strength of the
effect depending on the transformation of the perpendicu-
lar field component into a parallel one. In the highly ran-
dom system under consideration the transformation can
be quite effective, causing a relatively small anisotropy in
the dependence of J. on the orientation of H.

Thus we conclude that our model provides a consistent
interpretation of the Bi wire data, and is an alternative
model to the strong-link models of Tenbrink, Heine, and
Krauth' and Jin et al.®> A conclusive discrimination be-
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tween these models requires microscopic probes of the ac-
tual current paths. It is also interesting to ask what this
moadel implies for optimizing the wire properties. The for-
mula Ho=¢¢/Ld indicates that short grain size is favor-
atle, and the formula J,, =jgr0/D\/L/2W indicates that
decreasing D optimizes J..,.
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FIG. 2. Junction between two bricks showing the integration
path used to derive Eq. (2). Shading represents the vortex-filled
region. The vortex-free region is of thickness z;.



