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We describe the properties of a composite material consisting of
superconducting filaments separated by normal metal barriers.
The coupling between superconducting elements, and hence the
diamagnetic response, is by proximity effect diffusion through
the normal material and increases as the temperature is lowered.
This behavior is contrasted with that of Josephson tunnelling in
anisotropic structures which has been shown to lead to a
decoupling transition. The diamagnetism and critical field
behavior of (SN),, TaSes, and NbSe; are compared with the
predictions of the model.
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I. INTRODUCTION

The superconducting properties of many highly anisotropic metals
have been found to be anomalous!-3 and have, up to now, defined fully
quantitative explanation. In this paper, we describe a model which
accounts in detail for the magnitude and temperature dependence of the
diamagnetism of superconducting (SN),,2 both pnstme and brominated.
The same model is applied to NbSe31 3 and TaSe3 giving
semiquantitative agreement with the data.

II. THE MODEL

The essence of the description which we propose is that the
materials are composed of superconducting fibers sheathed and
separated by normal metal. Coupling between superconducting
elements occurs via S-N-S tunnelling and therefore increases as the
temperature is lowered, leading to progressively greater flux exclusion.

Specifically, consider a sample in the form of a cylinder of radius
R, composed of many microscopic fibers of radius r. Let the typical
distance between fibers, i.e., the thickness of normal metal, be L. The
diamagnetic susceptibility, x has two components: x; due to flux
exclusion from individual fibers and x, due to shielding currents which
flow from fiber to flber For fields applied parallel to the fibers
xl—-(l/ 3217)(r/}‘) where the penetration depth A>>r. If even a small
supercurrent can flow from one superconducting element to another, Xc
can easily dominate over x;.

The contribution x, is conveniently described in terms of the
effective penetratlon depth A, which was introduced by Deutscher and
Entin-Wohlman:4

A;2 = 2“;"’1‘ 3. (1)

where I is the critical current density for supercurrent flow between
adjacent elements. For T near T, in a S-N-S junction, it is well
established that J, varies as (1-T/T ) and that when T< <T, and
L/§y>>18

= (ZekT) ( ‘fN) e_L/eN ¢

Here, &) is the normal metal coherence length given in the dirty limit
by {n=(#vgA/ GtrkT)l/ A is the superconducting gap, v is the
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FIGURE 1 The susceptibility of (SN),.
Fermi velocity and A is the mean free path Hence, we obtain for

T< <Tc, L/§n>>1 the result J ~exp(- Tl 2) The susceptibility x, is
found in the usual way:

=1 1_3‘3 LR/A)
Xc 4"[ R TR/, (3a)
o 1 .
= - R>>A, (3b)
~ 1 2 .
= _(32_") (R/A,); R<<A, (3c)

where I is the nth order Bessel function of imaginary argument. The
important result is that for weak flux exclusion, Eqs. (1) and (3c)
imply that x ~J.. Therefore, near T, we expect

X2~ (1-T/T,) . (4a)

and at lower temperature (provided R< <A, still holds)
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FIGURE 2 The susceptibility of NbSe; and TaSe; near T.. Vertical
scales are not the same for the two materials.

X, ~ exp (- T?). (4b)

Results of a complete analysis are given elsewhere.”

II. (SN), AND BROMINATED (SN),

Susceptibility data® for (SN), are shown in Fig. 1, plotted
according to Eq. (4a). Apart from deviations very close to T, which
are attributed to variations in the transmon temperature of the fibers, x
is seen to follow accurately a (1-T/T ) behavior near T,. The
extrapolation of the linear portion of x 2 versus T mdlcates a
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FIGURE 3 The susceptibility of NbSe, and TaSe; for T<<T,.

transition temperature T.~0.27K, close to the value obtained from the
resistive transition.2 The slight difference between the values of T
obtained from the X and x N data is explained by a variation in T, of
the fibers and by the different paths taken by shielding currents in the
two orientations. Thus, x, represents current paths with lower average
T, than x . A fuller analysis, using Eq. (3a) yields a satisfactory fit
over the entrre temperature range of measurement, for L/§y~1.

Electron microscopy reveals fibers of diameter r<100 R
surrounded by relatively disordered material of approximately 10
thickness. Then L=§y corresponds to a mean free path A~1

A similar descrlptlon can be applied to brominated (SN) The
data can be fit’ using larger values of R/}\ implying a stronger
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coupling between fibers, consistent with the interpretation of H,
measurements.

IV. NbSey AND TaSe,

There has been some controversy concerning the existence of
superconductivity in NbSe,. In a previous publication,9 we reported
weak flux exclusion and flux trapping below 2K. We and other
workers3 have reported resistive anomalies at different temperatures,
(but never zero-resistance) or in some cases!® none at all.

The superconductivity of TaSe, is better established!! with
resistivity measurements showing a transition temperature T.=2.5K.
However, several samples are reported to give nonzero resistance. 2

Here, we give a reevaluation of previous data, in light of the
model described above In Fig. 2, we show data taken near T, on both
materials, plotted as x 1/2 yersus T. The agreement with Eq. (4a) is
moderately good. At lower temperature, a plot of logx versus T!

(Fig. 3) confirms the behavior predicted in Eq. (4b).

A problem exists with the application of the
filamentary-composite model: namely, the identification of the
superconducting fibers, especially for NbSe;. The above measurements
were made on polycrystalline samples consisting of needle-like
crystallites of order 2x10x 100 pm and it is tempting to assume that
the crystallites themselves are the superconductmg elements. However,
single crystal resistivity measurements’ show that NbSe, is not a bulk
superconductor. The filamentary must be attributed to microscopic
inhomogeneities within the crystals themselves, beyond the resolution
of electron microscopy. Possible origins include local strain fields
around dislocations and impurities, inclusion of additional selenium as
an intercalant or in the form of other Nb-Se phases, 13 “and the domain
structure!4 asssociated with CDWS.

V. CONCLUSIONS

We have presented a model which gives a good account of the
superconducting diamagnetism of (SN)X, and which is consistent with
the data on NbSe; and TaSe;. Superconducting filaments are separated
by normal material through which shielding current must pass by S-N-§
tunnelling. The nature of the proximity effect supercurrent leads
naturally to increasing flux exclusion at lower temperatures. This is in
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contrast to the decoupling phenomenon described by Turkevich and
Klemm!3 for Josephson tunnelling between filaments.
The same model easily accounts for the upward curvature
. i ,16 . . . . .
observed in H ,(T), since thinner fibers, in contact with normal
metal, have lower transition temperatures and since thinner fibers also
have larger parallel critical fields.

ACKNOWLEDGMENTS

This work was supported by the National Science Foundation
through Grants No. DMR77-09879 and DMR79-09177, and by the
NSF-MRL program, Grant No. DMR76-81083.

REFERENCES

1. R. A. Buhrman et al., Inhomogeneous Superconductors
Conference, Berkeley Springs, West Virginia, 1979; AIP Conf.
Proc., 58, 207 (1980), and references therein.

2.  R. L. Greene and G. B. Street, in Chemistry and Physics of
One-Dimensional Metals, ed. H. J. Keller, (Plenum, New York,
1977), p. 167.

3. P. Haen et al., Solid State Commun., 26, 1725 (1978).

4.  G. Deutscher and O. Entin-Wohlman, J. Phys., C10, L-433
(1977).

5.  P. G. de Gennes, Rev. Mod. Phys., 36, 225 (1964).

6. E. Z. da Silva and B. L. Gyorrfy, Phys. Ref., B20, 147 (1979).

7 C. M. Bastuscheck, R. A. Buhrman, and J. C. Scott, (to be
published).

8. C. M. Bastuscheck, PhD Thesis, Cornell University 1980.

9, C. M. Bastuscheck et al., Solid State Commun., 36, 983 (1980).

10. S. J. Hillenius et al., Phys. Rev., B23, 1567 (1981).

11. M. Yamamoto, J. Phys. Soc. Jpn., 45, 431 (1978).

12. K. Yamaya et al., Solid State Commun., 31, 627 (1979).

13. J. D. Kulick, PhD Thesis, Cornell Unviersity, 1981 (unpublished).

14. K. K. Fung and J. W. Steeds, Phys. Rev. Lett,, 45, 1696 (1980).

15. L. A. Turkevich and R. A. Klemm, Phys. Rev., B19, 2520
(1979).

16. L. J. Azevedo et al., Solid State Commun., 19, 197 (1976).






