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Field-enhanced superconductivity in disordered wire networks
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The superconducting transition was studied in Al wire networks with built-in positional disorder. Applica-
tion of small transverse magnetic fieldsincreasedthe mean-field critical temperature in the disordered net-
works but not in the ordered networks. The magnitude of thisTc enhancement was independent of changes in
bias current, probe separation, and measurement configuration, unlike the apparentTc shifts associated with
nonequilibrium resistance anomalies previously observed in superconducting microstructures.
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Superconductivity in mesoscopic or low-dimensional s
tems has received considerable experimental and theore
interest in recent years. A rich variety of new phenomena
be observed in mesoscopic superconducting structures w
the sample dimensions are comparable to or smaller than
superconducting coherence length.1–9 For example, striking
mesoscopic effects involving quantum interference,1 critical
field,2 and nonlocal3,4 or anomalous5–9 magnetotranspor
have been observed recently in small superconducting lo
and wires.

Superconducting wire networks are ensembles of sm
loops and thus may exhibit both mesoscopic and ma
scopic effects.10 Similar to Josephson junction array
~JJA’s!,11 they have been used as model systems to st
frustration,10 critical behavior,12 effects of disorder or fracta
geometry,13–16 and vortex dynamics.12,14,17 The magnetic-
field-dependent critical temperature of periodic netwo
Tc(H) oscillates with maxima corresponding to rational v
ues of the average number of flux quantaf 5f/f0 in each
elementary loop. With the introduction of built-in areal di
order, e.g., by random displacement of wires or nodes,
Tc( f ) oscillations are damped out with increasing field
JJA’s ~Ref. 11! and wire networks.14 Disorder introduced by
removal of bonds rapidly destroys fine structure in t
Tc(H), an effect which has been argued to relate to locali
tion of the superconducting wave function.15

In this paper we report investigations ofR(T) andTc(H)
in positionally disordered superconducting networks. T
kind of disorder used is identical to that used in one se
JJA experiments.11 In a magnetic field, a random flux com
ponent appears in each cell, which is anticorrelated in ne
boring cells, producing~at integerf ! an equivalence to the
XY model with random Dzyaloshinskii-Moriya interaction
At high f values, this system can be described as a ga
glass, and was predicted to have a complex vor
dynamics.17 We observedTc enhancementin small applied
fields in the disordered networks, but not ordered netwo
The magnitude of this effect is independent of current a
measurement configuration. This apparently global effec
distinct from but possibly related to the localized nonequil
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rium resistance andTc anomalies which were previously ob
served in small Al microstructures.5–8,3

The networks studied consisted of square Al wire grids
2003100 wires, and were fabricated at the Cornell Nanofa
rication facility using electron beam lithography and lift-o
techniques. The networks had wire widths of 250 nm a
average lattice constant~wire spacing! a52 mm. Positional
disorder was added to regular square lattices by random
placement of the nodesr /a5(nx1dx ,ny1dy) with nx,y in-
tegers anddx,y a random number uniformly distributed in th
range@2D,D# with D50, 0.05, 0.10, 0.15~see Fig. 1 inset!.
The Al films were electron beam deposited onto oxidiz
silicon substrates. All of the networks discussed here w
prepared in parallel from the same Al film deposited on
single silicon wafer, while samples fabricated from other w
fers produced similar results. The Al film had thickness
nm, sheet resistance ofRsquare51.0V at 4.2 K, and residua
resistance ratioR300 R/R4.2 K51.7. To maximize current uni-
formity, large Al current contact pads were used, each c
ering one entire edge of the network. Multiple closely spac
voltage leads were patterned on each side of the netw
with a separation of three or ten cells. The voltage leads w
250 nm wide Al which joined at network nodes, and te
scoped out to large contact pads.

The measurements were carried out in a liquid3He cry-
ostat with a base temperature of 300 mK. The cryostat w
enclosed in a doublem-metal shield, within a radio-
frequency shielded room. Computers and most instrume
tion were kept outside of the room and interfaced via filter
lines. Sufficient RF filtering is critical for these kind o
measurements.4 Thus, all electrical leads entering the cr
ostat were additionally filtered byp filters with a roll-off
frequency of 1 Mhz. The transverse magnetic field was p
duced with a small copper solenoid held at 4.2 K.

The mean-field critical temperature was measured usin
four-probe technique with a sinusoidal current bias of ty
cally 1 mA, and lock-in detection. The current dependen
was also studied for currents from 20 nA to 10mA. The
mean-fieldTc(H) was measured by holding the resistan
fixed at half its normal-state value by feeding the sam
128 © 1998 The American Physical Society
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voltage into an analog temperature controller~LR-130! while
the field was slowly swept. TheTc measured in this way
decreased with measuring current, asI 2/3, consistent with
mean-field expectations, demonstrating that heating is m
mal in the range of interest. Relative shifts ofTc were re-
solved to better than 0.1 mK.

In Fig. 1 we show the experimentally determine
superconducting-normal phase boundary for disordered
works with D50, 0.05, 0.10, 0.15. The small appare
sample to sample shifts in the zero-field value ofTc are
related to lack of reproducibility in the thermometry aft
cycling the temperature. TheTc oscillations decrease with
increasing field in the disordered networks as expected.11,14

All networks also show the expected quadratic backgro
decrease ofTc with field due to the finite wire width. The
zero-temperature superconducting coherence length wa
termined to be 83 nm, based on this quadratic backgrou
The magnitude of this quadratic term decreases slightly w
increasing disorder, indicative of the geometric differenc
and/or slightly smaller linewidths~4%! for the most disor-
dered samples compared with the ordered samples.

Close inspection of theTc(H) curves, normalized to
Tc(0), also reveals a smallincreasein Tc with field at low
fields in the disordered networks but not the ordered netw
@Fig. 2~a!#. The subtle increase appears to be superpose
top of the usual periodic and decreasing components
Tc(H). Figure 2~b! shows the normalizedTc(H) curves with
the periodic component removed. This enhancement ef
clearly increases with disorder. The effect was not stron
dependent on what fraction of the normal state resista
was used to defineTc , ranging fromR/Rn50.1 to 0.9, as
seen in Fig. 3.R(T) curves measured under identical con
tions for an ordered network exhibit a smaller and oppo
shift with field.

The resistive transition was also studied as a function
current over a wide range of current from 20 nA to 10mA,
corresponding to current densities from 33104 to 1.5
3107 A/m2. TheTc enhancement atH55 G (f 51) relative
to the zero-field value, which is designatedDTc and indi-

FIG. 1. Superconducting-normal phase boundary, defined
R/Rn50.5, for networks with various disorder strengthsD. Note
thatf/f051 corresponds toH55 G. The vertical position of each
curve is uncertain to 1%, due to variations in the thermometry a
cycling to room temperature. Inset: SEM micrograph of a dis
dered array withD50.15.
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cated with arrows in Fig. 3, was independent of current o
this range, as shown in Fig. 4~a!. In order to rule out various
artifacts which had previously been observed in superc
ductor measurements,10,18the voltage was measured and cu
rent was injected with different leads in different locatio
on the network, and with varying distance between volta
leads. The measuredTc shifts were independent of voltag
lead separation for separations ranging from 6 to 140mm,
and independent of whether the voltage leads were on
same or opposite sides of the network, see Fig. 4~b!. The
effect was also unchanged when current and voltage le
were switched, with current injected into the narrow 0.25mm
leads, as opposed to the wide 200mm pads. This strongly
suggests that theTc enhancement is a global property of th
disordered networks, and not an artifact of the measurem
configuration.

Any explanation forTc enhancement in a field dependin
exclusively on wire properties, without invoking network g

y

r
-

FIG. 2. ~a! Normalized Tc vs f/f0 , for various disorder
strengths.~b! Midpoints of each oscillation half period of the no
malizedTc vs f/f0 shown in~a!.

FIG. 3. Resistance vs temperature in the vicinity of the sup
conducting transition for disordered and regular networks atf/f0

50 ~open symbols! andf/f051 ~filled symbols!.
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ometry must be ruled out, since the effect is absent in
dered networks simultaneously prepared from the same
and measured under identical conditions. Earlier studie
wire networks with disordered, fractal, or quasicrystalli
patterns, including those with wires intersecting with a ran
of angles,11–14 did not report effects such as those we ha
observed. Although wire networks with the kind of pos
tional disorder discussed here were not previously stud
The networks in most of these earlier studies also
slightly lower sheet resistances and slightly larger cohere
lengths. AnomalousTc(H) were observed in Al oxide wire
networks and single wires, when measured with mode
currents, and only at the foot of the resistive transition10

This was attributed to proximity effect and quasi partic
injection associated with measuring close to a wide con
pad. Since theTc we observed was independent of the pro
imity to the wide current pads~up to 190mm separation!,
and independent of voltage lead arrangement or spacing,
switching of voltage-current leads, we can rule out the
kinds of proximity effects.

What are the effects of disorder that could possibly
creaseTc in a field? At f 51, where the enhancement effe
is near its maximum, the disordered networks will have r
dom screening currents due to the areal disorder of the c
These would ordinarily only lowerTc . When combined with
the transport current, a favorable situation could occur
some cells, raisingTc . However, this effect would vary from
cell to cell and should average away in many cells. By us
different voltage leads, we sampled different sections of
network ~down to three cells!, within which the disorder is
different in detail. No significant differences in the enhanc
ment effect were observed@Fig. 4~b!#. In addition, the inde-
pendence of the effect on transport current over a wide ra
is not consistent with a balancing of screening and trans
currents.

ApparentTc enhancements with field were reported e
lier in short, narrow Al microstructures~wires5 and loops6!,

FIG. 4. ~a! Critical temperature increase,DTc , for f 51 relative
to f 50 @as illustrated in Fig. 3~a!# vs bias current for a network
with D50.05. ~b! The DTc vs voltage lead spacing, for the sam
network.
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and were attributed to nonequilibrium resistan
anomalies.5–8,3These anomalies appeared as narrow peak
resistance high on theR(T) transition curve, in some case
exceeding the normal state resistance. At high current de
ties, the peak anomalies broadened down the resistive t
sition, producing an apparent reduction inTc . Small mag-
netic fields quenched the anomalies, producing an appa
enhancement inTc . TheseTc enhancements vanished alt
gether at low current densities of,63106 A/m2,6 over two
orders of magnitude larger than our lowest current densit
The resistance anomalies are observed when supercon
ing voltage leads probenonequilibriumcharge imbalances
within a quasiparticle relaxation lengthlQ of a
superconducting-normal interface~SNI!. Such interfaces
may be produced at nodes where current carrying leads
tersect with wires carrying no current,5 in samples with het-
erogeneous superconducting properties,8 or at rf-noise-
induced phase-slip centers~PSC’s!.4 These anomalous
effects arelocal in that they diminish rapidly when voltag
lead spacings are larger thanlQ , which is typically about 10
mm at these temperatures.5

In fact, resistance anomalies similar to but smaller th
those previously observed5–8,3 could be detected in our dis
ordered networks. The effect can be seen in the mid
curves of Fig. 3 as a slight rise in resistance, very high on
transition in zero field. The amplitude and shape of the
anomalies was strongly dependent on voltage lead spa
~sample size!, current~as seen in Fig. 3!, and rf noise,4 con-
sistent with the earlier results on single wires and loops.5–8,3

This behavior contrasts sharply with that of theTc enhance-
ment effect in the networks, which exhibited little current
lead spacing dependence.

The observation of resistance anomalies only in the d
ordered networks provides a possible clue to the origin of
Tc enhancement effect. Enhanced superconductivity at
work nodes in the presence of transport current,19 makes it
probable that SNI’s occur in some temperature range in b
kinds of networks. The symmetric occurrence of SN
around voltage leads in ordered networks may null
anomalous resistance effects. Inhomogeneous current fl
or possible localization effects15,16may make disordered net
works more susceptible to SNI occurrence or make their
sitions more random. SNI’s are also produced at PSC
which were shown to occurcollectively in an entire row of
cells across a regular wire network.10

We could assume that SNI’s and resultant anomalies
cur at a distribution of temperatures in a disordered netwo
giving a shift of the entireR(T) curve to lower temperature
In a magnetic field, theTc at nodes will be suppressed mo
strongly than theTc of links, due to the increased wire width
This would tend to reduce amplitude fluctuations, leading
a quenching of SNI, the resistance anomalies, and the ap
ent decrease inTc . Alternatively, the fact thatlQ decreases
with field may be most important.5 At higher currents, each
anomaly is broadened but their summed effect on theR(T)
curve could remain about the same. This could account
the independence of theTc enhancement on current. Th
invariance with lead spacing remains an important point
be explained in this scenario. This may require theoret
analysis of transport through a random collection of SNI’s
PSC’s~Ref. 8! in a two dimensional network.10
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To summarize, we have observed field enhanced crit
temperature in disordered superconducting networks. T
effect was observed to be independent of voltage lead s
ing and current, and increased with disorder in the netwo
Various possible extrinsic origins and simple mechanis
were ruled out and mechanisms involving superconduct
normal-interfaces were discussed. Various other effects
need to be considered, such as Andreev reflection at
SNI.20 A negative Josephson coupling between localized
perconducting regions was recently invoked to explain ne
k
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tive magnetoresistance in narrow Pb wires near
superconductor-insulator-transition~SIT!.9 In disordered net-
works, amplitude fluctuations nearTc would be analogous to
those near the SIT, suggestive of a possible connection.
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