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Periodic flux dependence of the resistive transition in two-dimensional
superconducting arrays
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New experimental data are presented which show a periodic variation of the resistance of two-

dimensional arrays of superconductor —normal-metal-superconductor Josephson weak links with the mag-

netic flux per cell in units of the flux quantum, including a secondary minimum at the half-quantum

points. Also presented is a simple model which accounts for the existence, shape, and magnitude of this

periodic variation in terms of vortex core energies.

Voss and Webb' have reported a periodic variation of the
resistance of large arrays of Josephson junctions with nor-
mal magnetic field, with resistance minima for integral
numbers of flux quanta per unit cell of the array. Subse-
quently, Webb, Voss, Grinstein, and Horn' have observed
secondary minima at the half-quantum field values, an ob-
servation which we have confirmed, as reported below.
Monte Carlo simulations by Teitel and Jayaprakash' of
phase transitions in frustrated two-dimensional L- Y models
for a few flux values are consistent with these observations,
but do not provide a general result. In this Communication,
we present our measurements of the effect of normal mag-
netic fields on the resistance of Pb-Cu-Pb proximity-effect
junction arrays. We show that the resistance modulation
can be attributed to a periodic, field-dependent T„and we
present a simple analytic model which accounts for the dis-
tinctive form of the periodic resistance variation, as well as
its numerical magnitude.

The measurements reported here were made on samples
similar to those discussed in a previous publication. 4 A typi-
cal sample, formed of 2000-A-thick PbBiooq squares on a
1500-A-thick Cu film, is shown in Fig. 1(a). Samples were
measured in a vacuum can, with electronic temperature re-
gulation stable to 1 mK. Residual magnetic fields were re-
duced below 5 mG by means of two layers of mumetal; resi-
dual normal magnetic fields down to 1 mG could be detect-
ed and compensated for, with use of the sample itself as a
magnetometer.

Upon cooling the samples below the island transition tem-
perature T„(—7.3 K), the resistance dropped gradually as
described previously. As the transition to zero resistance at
T, was approached, oscillations in sample voltage versus
magnetic field for fixed measuring current were observed in
a narrow temperature rahge above T, . Data for one sample
are displayed in Fig. 2, showing sharp minima at integer
flux values and secondary dips at the half integers in the
traces with best signal-to-noise ratio. As shown in Fig. 3,
b R ( T), defined as the peak-to-peak amplitude of the
periodic resistance modulation near zero applied field, close-
ly follows the shape of dR/dT over most' of the resistive
transition. Such a correspondence follows quite simply if we
assume that T, is a periodic function of applied magnetic
field, as in the analysis of the Little-Parks experiment on
quantization in superconducting cylinders. Then, the con-
stant of proportionality between AR and dR/dT is the shift
in T, due to the magnetic field; for the sample of Fig. 3,
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FIG. 1. (a) Micrograph of segment of typical 1000&&1000 array,
showing lead squares on copper film. (b) Schematic diagram, show-
ing contours used in obtaining Eq. (2).

this shift is 0.075 K. Our model calculation (below) pro-
vides a simple phenomenological interpretation of this
periodic modulation of T, .

Our basic approach in modeling these effects is to assume
that T, scales with a "doubly renormalized" mean coupling
energy EJ, which includes a flux-dependent renormalization
due to the phase deviations imposed by the field, in. addition
to the usual renormalization by random thermal fluctuations
of the phases which takes EJ into EJ. This reduction of the
problem to consideration of an equilibrium quantity rather
than a kinetic one obviously offers great simplification in
analysis.

In the resistive state, macroscopic screening currents
should be negligible, so that the flux per unit cell has a uni-
form value fCo for all cells of the array. Here f =Ba2/4o
is the flux per cell in units of the flux quantum, also termed
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served value is actually a lower limit, since AR was found to
be substantially larger in the limited amount of data taken at
lower measuring currents. Considering the simplified na-
ture of the model and the limitations of the available data,
we consider this degree of consistency very satisfactory.

After this paper was submitted, B. Pannetier, J. Chaussy,
and R. Rammal reported [J. Phys. (Paris) Lett. (in press)]
experimental and theoretical work on a honeycomb lattice of

1
superconducting wires, showing a feature at f = 3. In our

model, this feature arises for the honeycomb lattice (but not
in square or triangular lattices) because in it, for f & 3, ad-

jacent cells must be occupied. %hen our summation of in--

dividual core energies is augmented by inclusion of the
resulting clusters, a marked feature is found at f= —,. De-
tails will be reported in a later publication.

ACKNO%LEDQMENTS

This research was supported in part by the National Sci-
ence Foundation under Grants No. DMR-79-041SS and No.
DMR-80-20247, %e are also pleased to acknowledge useful
discussions with Professor David R. Nelson and the assis-
tance of Martin Forrester during the course of this work.

'R. F. Voss and R. A. Webb, Phys. Rev. B 25, 3446 (1982). [Relat-
ed, but distinct, effects had been observed earlier in perforated
films by A. T. Fiory, A. F. Hebard, and S. Somekh, Appl. Phys.
Lett. 32, 73 (1978).]

R. A. Webb, R. F. Voss, G. Grinstein, and P. M. Horn, Phys. Rev.
Lett. 51, 690 (1983).

3S. Teitel and C. Jayaprakash, Phys. Rev. B 27, 598 (1983); also
(unpublished) .

4D. W'. Abraham, C. J. Lobb, M. Tinkham, and T. M. Klapwijk,
Phys. Rev. B 26, 5268 (1982).

5The fact that hR ( T) no longer follows dA jdT at the high-
temperature end has a simple explanation. Just below T„the
reduction in resistance is caused by a temperature-dependent

spreading of the proximity effect superconductivity into the Cu
surrounding the Pb islands, but without phase locking between is-
lands. This effect is not sensitive to magnetic field induced phase
shifts, so gives rise to no periodic resistance variation.

W. A. Little and R. D. Parks, Phys. Rev. Lett. 9, 9 (1962).
7M. Tinkham, Phys. Rev. 129, 2413 (1963).
See, for example, M. Tinkham, Introduction to Superconductivity

(McGraw-Hill, New York, 1975},pp. 196—202.
T. Ohta and D. Jasnow, Phys. Rev. B 20, 139 (1979).

' C. J. Lobb, D. W. Abraham, and M. Tinkham, Phys. Rev. B 27,
150 (1983}.

"J. M. Simonin, C. Wiecko, and A. Lopez, Phys. Rev. B 28, 2497
(1983).




