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Resistance anomalies in superconducting mesoscopic Al structures
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We present a detailed study of the recently reported resistance peaks close to the superconducting transition
of quasi-one-dimensional mesoscopic Al structures. It is found that the anomalies can be induced by radio-
frequency irradiation or by applying sufficiently high dc currents. The nonmonotonic resistance curves are
correlated with excess voltages in the voltage-current characteristics close to the critical current and depend
strongly on the temperature and the magnetic field. The experimental results can be qualitatively understood in
terms of charge imbalance around phase-slip centers which nucleate at particular spots in the sample with a
locally reduced transition temperature.@S0163-1829~98!05717-8#
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I. INTRODUCTION

The superconducting properties of submicrometer-si
structures of aluminum have been the subject of intense s
ies in the past few years.1 A number of surprising feature
have been found, which do not appear in bulk supercond
ors. Of particular interest are:~i! a pronounced enhanceme
of the resistanceR(T) above its normal-state valueRN close
to the superconducting transition temperatureTc ,2–6 which
is suppressed by a magnetic field of. 1–2 mT; ~ii ! in a
magnetic field an increase ofTc is observed, suggesting tha
the resistance maximum occurs in the superconducting s7

and,~iii ! in loop structures, magnetoresistance peaks at fi
differing from half-integer multiples of the superconductin
flux quantumF0, which are not expected from the classic
Little-Parks effect.3,4,6

Very recently, an important aspect of the overshoots
R(T) has been revealed: the anomaly can be suppresse
proper radio-frequency~rf! shielding of the electrical lead
connected to the samples and reinduced by applying
signal.7 In addition to the maxima inR(T), excess voltages
in the voltage-current characteristics,V(I ), have been found
The latter anomalies are very similar to those observed
cently by Parket al.,8 who investigated two-dimensiona
~2D! Al strips containing an artificially created norma
superconducting~N/S! interface.

An explanation in terms of nonequilibrium supercondu
tivity was proposed,7 which assumes the excitation of phas
slip centers~PSC’s! by the rf irradiation. The PSC’s are mo
easily induced at the weakest spots in the samples, wher
transition temperature is reduced by a few mK due to
avoidable microstructural imperfections. The anomaly is
cated around such spots and is rapidly suppressed whe
distance between the voltage probes is increased. This q
tative picture has recently been put into more quantita
terms by Arutyunov.9

A further complication of the situation arises from th
finding of Burket al.10 that anomalies inR(T) andV(I ) can
also be obtained by adding an artificial ‘‘noise’’ current
intermediate frequency~1 kHz! to the low-frequency probe
570163-1829/98/57~17!/10854~13!/$15.00
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current. The latter results can in part be understood in te
of classical mixing of the extrinsic noise signal with the low
frequency measurement signal. The mixing is a simple c
sequence of the nonlinearity of theV(I ) characteristic near
the critical current and is not a specific property of mes
copic systems. The results of Refs. 7 and 10 point out
special care has to be taken to assure that the anomalie
not influenced or even induced by the presence of uninten
noise sources.

In addition, resistance overshoots have been also repo
near the superconducting transition of 2D films made of
granular In, CuZr metallic glasses and high-Tc
materials.11–15An explanation for the anomalies measured
a van der Pauwconfiguration has been proposed by Vag
et al.16 Their interpretation is based on changes in the curr
distribution due to sample inhomogeneities when sweep
the temperature through the resistive transition. The la
kind of resistance anomalies is absent in one-dimensio
~1D! structures, where the current path is uniquely define

In view of the broad range of observed effects and
variety of the proposed explanations, a separation of intrin
and extrinsic anomalous effects is highly desirable. Ev
when filtering the electrical leads, a number of smaller a
facts are found in mesoscopic superconducting structu
which strongly vary from sample to sample and whose ori
is difficult to identify. In this work, we restrict ourselves t
effects, which are related to the 1D nature of our alumin
wires and have been consistently found in several samp

The paper is organized as follows: in Sec. II we brie
discuss the different mechanisms which are candidates fo
explanation of the anomaly in 1D structures. Experimen
procedures are described in Sec. III. In Sec. IV results on
dependence of the rf-generated anomalies on the positio
the voltage probes along the line are presented. In Sec. V
demonstrate that in theabsence of rf irradiationthe anoma-
lous resistance peak also appears when the supercondu
transition is measured with a sufficiently high dc current. W
study the temperature and magnetic-field dependence o
anomalies. In Sec. VI we investigate the influence of a lo
structure integrated into our wires. The transition tempe
10 854 © 1998 The American Physical Society



ag

io
r
ri
te

de

n

th
-
e
e

ib

e
s
ss
th

lie
e
s,

c
th
y

ris
-

th

u

e
um
n

en

c-
in
nc
ar
tr
ce
-

e
a

be-

the

e

a-
s not
in
the

is

ccel-
x-

gna-
ge
e
in-
onds

as-

ing
ce
f the
am-
ous
ed.
-
con-
the

nd

sys-

,

the

he

by

ge
trin-

57 10 855RESISTANCE ANOMALIES IN SUPERCONDUCTING . . .
ture of the loop oscillates as a function of the applied m
netic field according to the Little-Parks effect.17,18Hence, the
loop allows one to locally tuneTc by varying the magnetic
field. In this experiment we can directly test the assumpt
that the anomaly arises around particular spots with a
duced transition temperature. Finally, in Sec. VII our expe
mental findings are discussed in the framework of rela
experimental and theoretical work.

II. MODELS

The most striking feature of the anomalous effects
scribed in this paper is the observation of a resistanceR that
can be substantially larger than the normal state resista
RN . More general, excess voltagesVex5V2RNI are present
which can be detected both via the resistanceR(T) and the
current-voltage characteristicsV(I ). According to the BCS
theory, many quasiparticles are thermally excited above
energy gap whenT is close to the zero-field transition tem
perature Tc0. As the superconducting state is destroy
above Tc0, voltages develop in the metallic wire and th
quasiparticles dominate the electrical transport. AboveTc0,
Aslamasov-Larkin and Maki-Thompson fluctuations contr
ute to the conduction process and reduce the resistance
low the normal-state value.19 For our relatively clean films,
phenomena such as electron localization and the Kondo
fect can be excluded as a possible origin of the sharp re
tance peaks close toTc0. Hence, it appears that the exce
voltages are generated directly at the transition or even in
superconducting state.

A simple model to explain the resistance anomaly re
on the nonlinearity of the voltage-current characteristics n
the critical current.10 According to standard Fourier analysi
the superposition of the low-frequency (vp) or dc (vp50)
probe current with a noise current of different frequen
(vnoise) leads to a component in the response voltage at
frequencyvp of the probe current which is determined b
the amplitude of thenoise current. Roughly speaking, the
strongly nonlinear region of the current voltage characte
tics with dV/dI@RN is probed, when the noise current am
plitude becomes comparable to the critical current. Since
classical mixing effect is independent ofvnoise, potential ex-
trinsic noise sources range from the 50 Hz line frequency
to the AM and FM radio-frequency regime.

A more intrinsic explanation of the enhanced resistanc
the superconducting state relies on nonequilibri
superconductivity.12 According to the Josephson relatio
\]f/]t522mp any voltage dropDmp /e generated in the
superconducting state is accompanied by a time depend
of the superconducting order parameterC(t)
5uC(t)uexp„if(t)…, wheremp denotes the Cooper pair ele
trochemical potential. In the case of 2D superconduct
films in perpendicular magnetic fields this time depende
can be induced, e.g., by the motion of vortices. Vortices
absent in our structures because, close to the mean-field
sition temperatureTc0, both the superconducting coheren
lengthj(T)5jGL /(12T/Tc0)21/2 and the magnetic penetra
tion depthl(T) are much larger than the widthd of the
superconducting strands. For the same reason we have n
complete field penetration in the superconducting strands
the difference between the magnetic inductionB and the
-
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applied magnetic fieldm0H is small. In the case of long 1D
wires, it has been established that the onset of resistive
havior occurs through phase slip processes. Close toTc , the
phase slip can be thermally excited as described by
theory of Langer and Ambegaokar20 and its refinement by
McCumber and Halperin.21 The thermally activated phas
slip provides a dissipation mechanism belowTc but does not
explain a resistanceR.RN .22

At slightly lower temperatures, where the thermal activ
tion becomes less and less important, the phase slip doe
occur in a random fashion but in a time-periodic cycle
so-called phase-slip centers. When the current exceeds
local critical current,C(x,t) breaks down and the current
taken over by the quasiparticles. Consequently,C(x,t)
builds up again, the superconducting condensate being a
erated by the applied voltage until the critical current is e
ceeded and the whole cycle starts again. The classical si
ture of PSC’s in long wires are steps in the current volta
characteristicV(I ) with a constant differential resistanc
dV/dI in between the steps. The differential resistance
creases by the same amount for each step, which corresp
to the nucleation of a new phase-slip center.23,24 This phe-
nomenon is well described by the model of Skocpol, Be
ley, and Tinkham ~SBT!.25 In a core region of length
.2j(T) the time-averaged amplitude of the superconduct
order parameteruC(x)u is reduced and the phase differen
between the fractions of the condensate on both sides o
PSC oscillates with the Josephson frequency. Since the
plitude of the order parameter oscillates in time, a continu
conversion from Cooper pairs to quasiparticles is requir
Due to the finite timetQ* (T) necessary for transitions be
tween the quasiparticle system and the superconducting
densate, a region of charge imbalance is formed, in which
time averageŝmp(x)&, ^mq(x)& of the Cooper pair and the
quasiparticle electrochemical potential are different~see Fig.
1!. While ^mp(x)& shows a sharp drop in the core region a
is constant outside the core,^mq(x)& varies on the scale
LQ* 5ADtQ* , whereD5vFl el/3 is the electronic diffusion
constant,vF is the Fermi velocity, andl el is the elastic mean
free path. The charge imbalance lengthLQ* determines the
distance over which the condensate and the quasiparticle
tem get back in equilibrium. For our samplesLQ* is several
times larger thanj(T). Outside the nonequilibrium region
i.e., far away from the PSC,mp(x) andmq(x) are equal and
the voltage drop across the PSC is given by

V`52LQ* ~T!rN~ I 2^I S&!, ~1!

rN being the normal-state resistance per unit length and^I S&
the time-averaged supercurrent at the core of the PSC.25 For
comparison, Fig. 1 also includes the linear variation of
quasiparticle potential aboveTc ~denoted bymnormal). The
slope of^mq(x)& is reduced near the core with respect to t
slope ofmnormal because of the nonzero value of^I S& at the
core.

Refinements of the SBT model have been proposed
Kadin et al.,26 by Ivlev and Kopnin27,28 and by Baratoff.29

Kadin et al. have found that propagating waves of char
imbalance can be excited at the PSC and identified an in
sic mechanism of hysteresis in theV(I ) characteristics. Ivlev
and Kopnin and also Baratoff have calculated thatuC(x)u
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10 856 57C. STRUNKet al.
shows not only a time-dependent variation during the pha
slip cycle but in addition a time-independent, static depr
sion in the vicinity of the core, which results in a decoupli
of the core of the PSC from the wings, where the cha
imbalance relaxes towards equilibrium. Such a decoup
has been observed by Liengmeet al., who studied very ho-
mogeneous thick Al wires.30 Remarkably, the SBT predic
tions for the spatial dependence of^mq(x)& turned out to be
nearly identical to those of the more detailed mod
calculations:28

^mq~x!&5eLQ* rN~ I 2^I S&!tanh„~x2xpsc!/LQ* …, ~2!

wherexpsc denotes the position of the core of the PSC.
contrast,̂ mp(x)& is expected to drop discontinuously atxpsc.
This result~see the schematic in Fig. 1! has been verified
experimentally by Dolan and Jackel31 for tin and indium
wires and later by Stuivingaet al.32 for Al wires. ^mp(x)&
and^mq(x)& have been measured using superconducting
normal voltage probes, respectively. While the relativ
slow decay of̂ mq(x)& on the scale ofLQ* could be well
resolved, the fast drop of^mp(x)& at the core occurred on
scale shorter than the spacing of the potential probes,
&2 mm 'j(T). In general, the drop in̂mp(x)& measured
with superconducting probes is expected to be essent
independent of the probe spacingDx @at least for Dx
*j(T)]. From Eq. ~1! one obtains an apparent resistan
R(T).RN

R~T!52LQ* ~T!rN~12^I S&/I !.DxrN ~3!

when measuring with superconducting voltage probes
across the core of the PSC. Since^I S&.0.5I c(T) ~see Refs.
25,32! the latter inequality is valid forDx&LQ* and I
.I c .

The most important parameter in the phase-slip mode
the charge imbalance lengthLQ* , which can be obtained
from the theory of Schmid and Scho¨n.33 This theory provides
expressions for the charge imbalance relaxation timetQ* for
various pair breaking mechanisms:

FIG. 1. Schematic plot of the variation of the time-averag
electrochemical potentialsmq and mp vs x in the nonequilibrium
region around a phase-slip center. The dash-dotted line indicate
quasiparticle electrochemical potentialmnormal in the normal state.
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tQ* 5
4kBT

pD~T,B!
AtE

2G
. ~4!

The inelastic scattering timetE depends on disorder34 and
was estimated to be about 4 ns for thin Al films32 (t.50
nm!, while for thicker films (t.400 nm! tE.12 ns has been
found.35 D is the superconducting order parameterD(T,B)
5D(T)@12B2/Bc

2(T)#1/2 ~see Ref. 36!, Bc(T) being the
critical field, and

G5
1

ts
1

1

2tE
1

D

2 S 4m2vs
2

\2
2

1

D

]2D

]x2 D . ~5!

The first term in Eq.~5! describes the effect of orbital pair
breaking and spin-flip scattering, the second describes
effect of inelastic scattering, the third pair breaking by t
supercurrent and, the last term describes the effect of sp
variation of the gap parameterD near the core of the PSC.vs
is the superfluid velocity. FortE. 4 ns the contributions of
the third and fourth term in Eq.~5! were found to be negli-
gible in Al.32,37 In the absence of paramagnetic impuriti
and close toTc0ts is given by36

ts~T,B!5
\

D~0,0!

Bc
2~0!

B2
5

p\

8kB@Tc02Tc~B!#
. ~6!

Equation~4! predicts a decay ofLQ* 5ADtQ* and, conse-
quently, a suppression of the excess voltages in a magn
field.

Although phase-slip processes have been studied
many years, no resistance anomalies or excess voltages
reported at that time and it was understood only recently7–9

that PSC’s may play a central role for the appearance of
anomalies in mesoscopic samples. In the course of our in
tigation we shall see that the charge imbalance around PS
may provide an explanation for many but not all of our e
perimental observations.

III. EXPERIMENTAL

Samples were prepared by thermal evaporation
99.999% pure Al onto oxidized Si wafers. The patterns w
defined using a bilayer PMMA resist and standard elect
beam lithography methods. Scanning electron and atom
force microscopy~AFM! ensured a smooth Al surface wit
no major cracks or holes down to the nanometer scale.
film thickness varied between 25 and 45 nm. Some serie
samples have been evaporated onto liquid-nitrogen co
substrates. In the latter case, a higher residual resistivity
been obtained, leading to a smaller amplitude of the ano
lies but not to qualitative changes.

Two kinds of structures have been studied. Figure 2~a!
shows an AFM micrograph of a line structure of 0.2mm
width ~to which we will refer below as structure A! with a
number of equidistant voltage probes with 1mm spacing.
This design allows us to map out the spatial dependenc
the anomalies emerging in our 1D wires. We show data
two samples of type A labeled A1 and A2, respectively.
investigate the influence of an artificial tunable inhomoge
ity, 0.14mm wide line samples containing a square loop o
mm outer sidelength have been prepared@see structure B in

the
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57 10 857RESISTANCE ANOMALIES IN SUPERCONDUCTING . . .
Fig. 2~b!#. A perpendicular magnetic field allows one to l
cally depressuCu and the transition temperature in the loo
for samples of type B.38 The structural and electrical param
eters of the samples are listed in Table I. The width of
current and voltage leads is kept constant at 0.2 and
mm, respectively, to a distance of 7mm from the sample in
order to minimize the influence of the wide parts of the co
tacts on the measurement. The magnetic field is always
plied perpendicular to the sample. Figure 3~a! shows a detail
of the AFM micrograph in Fig. 2~a! displaying three seg
ments of the line. The picture confirms the smoothness of
metallic wire with no apparent structural defects in any of
different segments. The structural homogeneity of o
samples is further illustrated in Fig. 3~b! where the height
profile of the same segment of the sample is plotted. T
thickness of the polycrystalline film varies by about 2 n
the grain size being about 30 nm, typical for a polycrystall
Al film of this thickness. Since the grain size is a factor
5–8 smaller than the width of the wiresd, it is unlikely that
the grain structure causes sample inhomogeneities on
scale ofd.

The transport measurements were performed with a P
124A lock-in amplifier for ac measurements at 27 Hz.

FIG. 2. AFM micrograph of~a! sample A1 with multiple volt-
age probes and~b! sample B1 containing a loop.
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addition, V(I ) curves have been measured using a
34420A dc nanovoltmeter. All electrical leads have be
shielded byp filters with a cutoff frequency of 1 MHz. Spe
cial care has been taken to also exclude the presence of
sitic ac signals at lower frequencies which may mix into t
measuring signal due to the highly nonlinearV(I ) character-
istics near the superconducting transition. The residual n
was always far below the level which is necessary to trig
the effects described in Ref. 10. The rf signal was supplied
the sample with two coaxial cables in a separate tube
close to the sample capacitively coupled to the current le
~see Fig. 4!. Because of the changing impedance of t
sample as it goes through the superconducting transition,
cannot avoid an impedance mismatch between the sam
and the rf source and it is difficult to control the actu
amount of rf power injected into the sample. A part of the
power is also lost through the capacitance of thep filters in
the measuring leads, resulting in a monotonic decrease o
rf current from the end of the sample connected to the
source towards the grounded end of the sample. We
interchange the injection side and the grounded side to ch
for features independent of the injection point of the
power. The normal-superconducting phase boundaries h
been measured by tracing the midpoint temperature of
resistive transition with the aid of a feedback technique wh
ramping slowly the magnetic field. The temperature stabi
of the feedback circuit was about 0.1 mK.

IV. ANOMALIES INDUCED BY RF INTERFERENCE

Before exposing the samples to significant external dis
bances let us first look at the resistive transition curves w
the measuring current is small. Figure 5 shows the resis

FIG. 3. ~a! Detail of Fig. 2~a! with the segment B showing the
anomaly and its two neighboring segments A and C.~b! Height
profile along the center of the wire for the same part of the sam
Note that the scale for thex axis is strongly compressed whe
compared to the scale for they axis.
for all
TABLE I. Material parameters for the measured samples of type A and B. Identical parameters
samples are:r• l el54310216 V m2 ~see Ref. 50!, vF51.33106 m/s, jGL50.86Aj0l el and,j051.6 mm.

Sample t~nm! d~nm! RN(V) r(mV cm! l el~nm! D~cm2/s! Tc0~K! jGL ~mm!

A1 30 200 6.4 3.8 11 48 1.372 0.13
A2 30 200 7.5 4.4 9.4 41 1.373 0.12
B1 43 140 8.4~loop!(5.5~lead!) 2.3 16 70 1.294 0.14
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10 858 57C. STRUNKet al.
transition of the different segments of sample A1 of type
The segments are labeled from A to H from the left to t
right @see Fig. 2~a!#. In addition to theR(T) curves of the
individual segments, we have included the transition cu
measured with the two outermost voltage probes. The re
tance of the latter curve has been divided by the numbe
segments to facilitate the comparison with the single s
ments. Except for small differences inTc in the outermost
segments A and H, the curves fall on top of each other.
normal-state resistance values deviate by a few percent
to the geometric tolerances of the lithographic pattern
process.

Figure 5 confirms the homogeneity of the sample in
case of small ac measurement currents of about 100 nA.
will show below that strong differences in the behavior
the individual segments appear when the sample is subje
to either a rf current or a higher dc current. Note the abse
of any resistance anomaly in all of the segments. T
rounded top of the transition is well described by the con
bution of Aslamasov-Larkin fluctuations which dominate t
conductivity of our 1D samples very close toTc0. From a fit
of the Aslamasov-Larkin formula19 to the data~see the inset

FIG. 4. Schematic of the lead configuration for applying a
signal. The crossed voltage probe of sample A1 burned out be
performing the rf measurements.

FIG. 5. R(T) curves for different segments of sample A1 of ty
A in absence of rf irradiation. The resistance values of the R~T!
curve for the combined segments A-H has been divided by
number of segments. Inset: Transition curve for the combined
ments A-H together with a fit according to the Aslamasov-Lar
formula.
.

e
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e
i-in Fig. 5! we obtainTc05 1.37260.001 mK. The measuring
current of 100 nA gives rise to a small reduction ofTc of the
order of 1–2 mK. The fit also yieldsjGL.0.14 mm in rea-
sonable agreement with the values in Table I.

The experimental observation that the resistance ano
lies can be suppressed by suitable rf filtering leads to the
to induce the anomalies in a controlled way by irradiating
samples with an external rf source.7 When irradiating the
sample shown in Fig. 5 with a rf signal, pronounced res
tance anomalies appear in certain segments of the sam
Figure 6~a! shows theR(T) curves for the sample at th
same ac measurement current, but in the presence of a231
dBm rf power at a frequency of 850 MHz. The height of th
resistance peak varies nonmonotonically with increasing
tance from the rf injection point at the left-hand side~see the
schematic in Fig. 4!. The strongest anomaly is found in se
ment B while another smaller anomaly is visible again
segment E. When the rf injection point is switched to t
current lead at the right-hand side, the peak at segme
becomes the dominating anomaly while the peak at segm
B vanishes@see Fig. 6~b!#. The reason for this is that r
power is lost along the sample, mainly due to the capacita
of thep filters in the voltage leads. The anomalies appea
certain ‘‘active’’ spots in the sample, which are independe
of the injection point of the rf power but vary from sample
sample. Note that two active spots have been identified
this sample.

Relying on our structural characterization, we can exclu
local variations of the cross section as a possible cause o
drastically varying behavior of the different segments~see

f
re

e
g-

FIG. 6. R(T) curves for different segments of sample A1 with
rf signal of 850 MHz frequency and230 dB power applied.~a!
Injection of the rf current via the left-hand current lead.~b! Injec-
tion of the rf current via the right-hand current lead~see the sample
layout in Fig. 4!.
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57 10 859RESISTANCE ANOMALIES IN SUPERCONDUCTING . . .
Fig. 3!. No significant structural differences are found b
tween segment B~showing a pronounced anomaly! and the
adjacent segments. The effect of the rf irradiation is twofo
~i! a depression of the transition temperature due to hea
or pair breaking and,~ii ! the generation of the resistanc
peak at specific spots within the sample. Similar behavio
found in the frequency interval between 100 MHz and
GHz. We cannot compare the results obtained at differ
frequencies, since the impedance matching problems m
tioned above prevent a control of the rf amplitude applied
the sample.

In our previous work,7 we have also observed a modifi
cation of theV(I ) curves in the presence of the rf irradiatio
An enhanced slopedV/dI nearI 50 is directly related to the
resistance maximum. At lower temperatures the enhan
slope develops into a pronounced maximum inV(I ) close to
the critical current~see Fig. 4 in Ref. 7!. The decrease in
V(I ) after the maximum corresponds to a locallynegative
differential resistance. As explained in Sec. II, the exc
voltages inV(I ) can be interpreted in terms of a char
imbalance effect in the vicinity of PSC’s which are induc
by the rf irradiation. This interpretation is consistent wi
previous experiments on long Sn wires,39 which have dem-
onstrated that PSC’s can indeed be created by rf irradiat

V. ANOMALIES INDUCED BY A dc CURRENT

How can we distinguish between the effects described
Sec. IV and the classical mixing of the rf signal and t
low-frequency measuring signal? Besides the bump inR(T),
the mixing also induces an enhancement of the differen
resistance aboveRN near zero bias current which disappea
as the temperature is decreased.10 In contrast to the rf-
induced anomalies,dV/dI is expected to remain alway
positive for a simple mixing mechanism.

Subjecting the sample to higher dc currents rather tha
rf field can help to separate the possible mixing effects
the intrinsic effects related to nonequilibrium supercond
tivity: if a classical mixing effect is involved, no anomalie
should be induced by a dc current. On the other hand, PS
are usually studied using dc currents rather than by apply
rf irradiation. When the dc current is increased while t
temperature is kept constant, phase-slip centers are exp
to nucleate at the spots with the lowest critical current
phase-slip processes are indeed related to the appearan
the anomalous excess voltages, the nucleation of a
should lead to the same nonmonotonicV(I ) curve which is
observed under rf irradiation. Conversely, when the curr
is kept fixed and the temperature is raised,I c decreases and
an anomaly should emerge forI dc.I c(T). Figure 7 shows
the R(T) curves of segment B of sample A1~see Fig. 4! for
a variety of dc currents. For the lowest current of 0.1mA no
anomaly is seen and the curve agrees well with the co
sponding ac measurement shown in Fig. 5. With increas
dc measuring current, however, a shoulder is gradually
veloping at the top of the transition, which turns into a pr
nounced maximum at about 0.5mA, and clearly exceedsRN
at I dc5 0.6 and 0.7mA.40 The current necessary for th
generation of the anomaly varies from segment to segmen
well as from sample to sample. We have checked the p
ence of dc current-induced bumps for the other segment
-
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sample A1 and found another pronounced anomaly on s
ment E. Hence, for the same sample both the dc current
the rf irradiation create the anomaly at the same particu
spots.

Another important consequence of the phase-slip scen
comes from the fact that the sharp drop in^mp& at the PSC is
caused by the Josephson effect in the core of the PSC a
should obey the Josephson relation. This implies that^Dmp&
is independent of the distanceL between the voltage probes
certainly whenL*j(T). Since the voltage drop in the nor
mal state is given byRN}L, the anomaly is expected to b
completely masked by the rapid increase ofV(I ) at the tran-
sition whenL andRN are large. This effect is demonstrate
in Fig. 8 where the voltage-current characteristics for s

FIG. 7. R(T) curves for segment B of sample A1 for differen
values of the dc current. The current values are from the left to
right: 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and, 0.1mA.

FIG. 8. NonmonotonicV(I ) curves for segment B as well as fo
the combined segments A, B, and C of sample A1 atT51.352 K.
Note that the anomaly is strongly reduced when the distance
tween the voltage probes is increased.
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10 860 57C. STRUNKet al.
ment B and the combined segments A1B1C are plotted.
The pronounced anomaly for segment B is strongly redu
when measuring with larger probe distance, in agreem
with the earlier observations of Santhanamet al.2 In order to
separate the current and the temperature dependence
present in the rest of this section measurements as a fun
dc bias current. Many important quantities likej(T),
LQ* (T), I c(T), etc. can then be kept constant. We a
switch todV/dI measurements, to obtain a better signal-
noise ratio.

Figure 9 illustrates the evolution of the anomalousdV/dI
curves as a function of temperature. The data are obtaine
sample A2 using an ac probe current of 10 nA. The anom
manifests itself as an initial decrease ofdV/dI as uI dcu is
decreased fromuI dcu.I c(T). At T5 1.373 K an ordinary
dV/dI curve is obtained which only shows the regular pe
corresponding to the enhanced slope ofV(I ) at the critical
current. AtT51.367 K a small dip~see arrow 1! in dV/dI
emerges, related to an increase ofV(I ) above the Ohmic
straight line. As the temperature is decreased further, this
becomes more and more pronounced, developing int
strongly negative differential resistance spike. The loca
negative differential resistance is directly related to the n
monotonicV(I ) curves discussed above. At the lowest te
peratures, a shoulder~see arrow 2! appears indV/dI, which
evolves into a second~smaller! maximum in dV/dI at
T51.320 K. This shoulder appeared in some, but not al
our samples and is also observed in the experiments by
et al.8 The integrateddV/dI curves coincide very well with
the directly measuredV(I ) curves. The increasing height o
thedV/dI maxima reflects the increase of the critical curre
when decreasing the temperature. If the dip inV(I ) would be
caused by mixing of the measuring current with any spuri

FIG. 9. Temperature dependence ofdV/dI(I ) for segment C of
sample A2, which shows a dc current induced bump inR(T).
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noise currentI noise, one would expect that the anomaly b
comes more pronounced whenI noise/I c(T) increases. As-
suming then a fixed amplitude ofI noise, the anomaly should
grow with increasing temperature, i.e., decreasingI c , which
is inconsistent with our experimental observations.

To further check the validity of the phase-slip picture w
have also measured the behavior of the anomaly in a m
netic field. BecausêDmp&}LQ* }AtQ* @Eq. ~1!# one would
expect a suppression of the anomaly with increasing fi
since the magnetic field reduces the charge imbalance re
ation timetQ* due to orbital pair breaking.33,36In Fig. 10 the
dV/dI curves are plotted for magnetic fields ranging from
to 8.5 mT. The temperature is kept constant at 1.348
corresponding toDT5Tc02T525 mK. A magnetic field of
5 mT strongly reduces the anomalous negative differen
resistance peak while the positive peak remains nearly u
fected. The latter observation indicates that the critical c
rent is only slightly suppressed by a magnetic field of 5 m
For magnetic fields close to the critical field of about 8 m
I c also tends towards zero and regulardV/dI curves are
recovered. For comparison, Fig. 11 shows the theoretical
havior of tQ* (B) andLQ* (B) computed from Eq.~4! with
the sample parameters listed in Table I. The same magn
field of 5 mT that suppresses the negativedV/dI spikes~see
Fig. 10! reducestQ* by a factor of 5~see the 25 mK trace in
Fig. 11!. At higher fields,tQ* saturates and eventually raise
again due to the vanishing ofD(T,B) close to the second
order phase transition atT5Tc(B) @see Eq.~4!#. As in zero
field, however, this divergence oftQ* does not lead to a
reappearance of the anomaly close to the phase bound
The possible origin for the absence of anomalies indV/dI
close to the phase boundary will be discussed below.

We conclude this section by noting that, in the absence

FIG. 10. Magnetic-field dependence ofdV/dI(I ) for the same
segment of sample A2 atT51.348 K.
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57 10 861RESISTANCE ANOMALIES IN SUPERCONDUCTING . . .
rf interference, anomalies in bothR(T) and V(I ) can be
induced by a pure dc current. The similarity of the rf and t
dc current-induced effects and the fact that both effects
pear for the same segments of the sample, strongly indi
that the same underlying mechanism is responsible for
anomalies.

The remaining question is: why do the anomalies app
only at specific positions which vary from sample to samp
In previous experiments on PSC’s the energy gap along
perconducting strips has been measured with tunne
spectroscopy.32,41 It was found that small local variations o
Tc and D determine the ‘‘weakest’’ spot of the superco
ductor, where phase slipping preferentially occurs. The tr
sition temperature of Al is known to strongly depend on t
oxygen content and the presence of structural defects. In
Al samples,Tc0 is indeed slightly enhanced above the bu
Tc value of 1.19 K. Hence, inhomogeneities inTc0 could
originate from small local variations of the oxygen content
the defect concentration and would be most important v
close toTc0 where the order parameter strongly depends
T.

VI. MAGNETIC FIELD-INDUCED ANOMALIES IN LOOP
STRUCTURES

Experiments on loop structures are suitable to test
hypothesis that spots of a locally reducedTc @implying a
locally reducedD(T) and I c(T)] are the preferred location
for the appearance of the anomaly. In our structures of t
B @see Fig. 2~b!# the superconducting wire is interrupted by
loop. The Little-Parks~LP! effect17 in this loop can be used
to reduceTc near the loop by varying the magnetic fluxF
threading the loop.

For mesoscopic wires with widthd&j(T), the Tinkham
formula for the critical field of thin films in a parallel mag
netic field19 becomes also valid for a perpendicular fie

FIG. 11. Charge imbalance relaxation timetQ* vs magnetic
field for various values ofDT5Tc02T. Curves are calculated from
Eq. ~4! using the parameters of sample A2 in Table I. The 25 m
trace corresponds to the temperature at which the data in Fig
were recorded.
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provided that the film thicknesst is replaced by the widthd
of the wire:

Tc~B!5Tc0F12
p2

3 S djGLB

F0
D 2G . ~7!

When the wire is bent into a closed loop, fluxoid quantiz
tion requires the presence of a screening current that o
lates with the magnetic fluxF threading the loop. Conse
quently, the transition temperatureTc(B) oscillates with the
magnetic fieldB. These Little-Parks oscillations are supe
imposed with the monotonic background suppression ofTc
given by Eq.~7!:18

Tc~B!5Tc0H 12S jGL

Rm
D 2F S pRm

2 B

F0
D 2

~11z2!

22n
pRm

2 B

F0
1

n2

2z
lnS 11z

12zD G J . ~8!

Here Rm5(Rmax1Rmin)/2 is the average of the inner an
outer radius of the loop, whered5Rmax2Rmin is the width of
the wire andz5d/2Rm the loop aspect ratio. The integern
has to be chosen such thatTc(B) is maximized for a given
value ofB.

We have recently reported that the LP effect of a lo
connected to electrical leads differs from that of an isola
loop or a microcylinder in an axial magnetic field.42 Figure
12 shows the magnetic-field dependence of the critical te
perature of the loop segment~voltage probesV1/V2) as well
as of a segment of the current leads~voltage probesV1/V3)
at a distance of 0.4mm from the loop.Tc(B) corresponds to
the point of the transition curve whereR(T,B)5RN/2. At
low magnetic fields the amplitude of the LP oscillations
the loop is reduced, whileTc(B) for the lead segments re
veals an oscillatory component. The solid line in Fig.
represents the case of the classical LP effect for an isol

10

FIG. 12. Magnetic phase boundariesTc(B) for the loop segment
~voltage contactsV1/V2) and a lead segment~voltage contacts
V1/V3) of sample B1@see also Fig. 2~b!#. Dashed and solid lines
are fits according to Eqs.~7! and ~8!, respectively
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10 862 57C. STRUNKet al.
loop. Equation~8! implies that the oscillatory part ofTc(B)
has a constant amplitudeu0 @u05Tc0(jGL/2Rm)2.18 mK
for sample B1#. While Rm can be accurately determined fro
the period of the oscillations, the value ofjGL is provided by
fitting Eq. ~7! to the envelope of the measured phase bou
ary of the loop segment. SinceRm and jGL are determined
independentlyu0 is not a free parameter. The behavior of
straight wire@~Eq. ~7!# is indicated by the dashed line in Fig
12.

As seen in Fig. 12 in our case of a loop with leads
tached, the differenceDTc5Tc

(lead)2Tc
~loop! oscillates with an

amplitudeu that grows with increasing values ofF/F0. For
small F/F0, u is only 3–4 mK whileu approachesu0 at
higherF/F0. We believe that the increase ofu is a conse-
quence of the decrease of the coherence lengthj„Tc(B)… at
the phase boundary42 at higher magnetic fields, where th
finite width of the arms of the loop causes a backgrou
suppression ofTc(B). As j(T) decreases, the coupling be
tween the loop and the leads is reduced. Accordingly,
oscillation amplitude ofTc(B) in the loop tends towards th
valueu0 for an isolated loop, while the nonlocal oscillatio
of Tc(B) for the lead segment vanishes~see Ref. 42 for
further details!.

In order to link the emergence of a resistance peak n
Tc to a local reduction ofTc , we now look in detail at the
shape of the resistive transition as a function of the magn
flux threading the loop. In Fig. 13 theR(T) curves for the
loop segment@voltage contactsV1/V2# are shown at half-
integer ~a! and integer~b! values ofF/F0. The resistance
has been measured using an ac current of 100 nA. AF
5(n11/2)F0 pronounced resistance maxima appear fon
>3. The maximum value of the resistanceRmax strongly
increases withn and can become as high as 1.5RN for n
56. In contrast, whenF5nF0 no anomalies are seen fo
n<4. At the highest values ofF/F0, i.e., F55F0 and F

FIG. 13. R(T) curves of the loop segment of sample B1 for~a!
half-integerand ~b! integervalues ofF/F0.
-
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56F0, relatively weak anomalies appear. On the other ha
the lead segment~voltage contactsV1/V3) next to the loop
does not reveal any anomalies in the investigated field ran
This is confirmed by the data shown in Fig. 14. From o
physical picture we expect that the anomalies caused by
weak spot disappear when the whole structure becomes
mal conducting. Indeed, the excess resistance for the
segment always goes to zero when the temperature
proaches theTc(B) of the lead segments~compare Figs. 13
and 14!. The latter observation is in line with the disappea
ance of the anomalies in the samples of type A when
proaching the phase boundary of the wire~see Figs. 9 and
10!.

The results presented above clearly indicate a direct
relation between the height of the resistance maximumRmax
and the local depression of the transition temperature for
loop segment. This correlation is further illustrated in Fig.
where the top panel shows the normalized height of the
sistance peakRmax/RN21 vs F/F0 and the bottom pane
shows the variation ofDTc vs F/F0. From the data shown
in Fig. 15 we can conclude that the periodic variations
DTc induce proportional periodic variations ofRmax/RN .
When comparing the top and bottom panels in Fig. 15
appears that a certain critical value ofDTc. 5 mK has to be
exceeded to obtain an anomalous resistance maximum
Tc . Our results also indicate thatDTc is small but nonzero
for F5nF0 with n52,3,4,5. This increase ofDTc with n is
reflected by the appearance of a~smaller! resistance maxi-
mum for F55F0 andF56F0 @see Fig. 13~b!#.

At this point we should note that the magnitude of t
difference in Tc(B) for the loop and the lead segme
slightly fluctuates from sample to sample. A small astigm
tism of the electron beam during the lithographic pattern
may, e.g., account for the latter effect.43 Some caution is also
necessary when assigningTc to the midpoint of the resistive
transition. The resistively determinedTc could slightly differ
from the mean-field transition temperature since theR(T)

FIG. 14. R(T) curves of the lead segment of sample B1 for~a!
half-integerand ~b! integervalues ofF/F0.
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57 10 863RESISTANCE ANOMALIES IN SUPERCONDUCTING . . .
curves are modified by nonequilibrium processes which
presumably responsible for the resistance maximum. Ne
theless, theTc(B) curves~see Fig. 12! for the loop extracted
from the anomalous resistive transition atF>2.5F0 are in
better agreement with the theoretical expectations than
Tc(B) extracted from the resistance curves atF50.5F0 and
F51.5F0 @see Fig. 13~a!#, which do not show a resistanc
maximum. We believe that the midpoint ofR(T) provides a
reasonable indication for the mean-field transition tempe
ture.

VII. DISCUSSION

A. Pro and contra of the charge imbalance scenario

Can the experimental observations described above
satisfactorily explained in terms of charge imbalance as
scribed in Sec. II? In the following we discuss a number
arguments in favor and against that mechanism:
~1! Observations in favor of a charge imbalance effect:

~i! The charge imbalance near PSC’s or N/S interfa
allows a qualitative understanding of the observed exc
voltages~see Fig. 1!.

~ii ! The anomalies disappear when increasing the dista
between the voltage probes~see Fig. 8!.

~iii ! The destruction of the negative spikes indV/dI by a
weak magnetic field agrees very well with the expected
crease oftQ* with increasing magnetic field~compare Figs.
10 and 11!.

~iv! The nonlocal effect reported by Parket al.8 In this
paper a series of negative peaks in thedV/dI traces of one
line segment is ascribed to the successive nucleation
PSC’s in theadjacentline segments.

FIG. 15. ~a! Normalized heightRmax/RN21 of the resistance
anomaly and~b! difference in the critical temperatureDTc5Tc

~lead!

2Tc
~loop! vs F/F0 for sample B1.
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~v! The nucleation of PSC’s at the weakest spots of
sample offers a simple understanding of why the anoma
always occur at specific spots in the sample.
~2! Observations in disagreement with a charge imbala

effect:
~i! Equation~3! grossly overestimates the amplitude of t

resistance anomalies: using the parameters of Table I
Tc02T. 15 mK, one obtains from Eq.~4! LQ* . 10 mm,
which should result in an apparent resistance ofR.10
3RN for a 1 mm segment of sample A1. In contrast, th
highest observed experimental value isR.1.33RN .

~ii ! The disappearance of the anomalies indV/dI when
approachingTc0 ~see Fig. 9! or Bc(T) ~see Fig. 10!. Since
tQ* diverges at the phase boundary, an increase rather
the observed decrease of the anomalies is expected.

~iii ! The absence of discontinuities and hysteresis inV(I )
in the temperature range under consideration~within 50 mK
below Tc0). Discontinuous changes ofV(I ) are typical for
the current enforced nucleation of PSC’s.

B. Thermal activation vs current enforced nucleation
of the PSC’s

Looking back to the analysis of the experiments in t
1970s and early 1980s, the model of statistical thermal a
vation of the phase slip according to Langer a
Ambegaokar20 and McCumber and Halperin21 ~LA-MH ! and
the model of current enforced and discontinuous nuclea
of PSC’s according to Skocpol, Beasley, and Tinkham25

~SBT! worked in different temperature regimes. The te
perature range where the thermal activation of PSC’s w
important was restricted to a very narrow interval nearTc
with a width of about 1 mK, while the current enforce
nucleation of PSC’s dominated within about 10 mK belo
Tc0. Consequently, the thermal activation effect was best
served in high-purity samples, i.e., whiskers, where the
sistive transition was not additionally broadened by sam
inhomogeneities which typically occur in thin films. The p
rameter controlling the width of the relevant temperature
terval is the height of the energy barrier for the phase-s
which is proportional to the sample cross section. Progres
sample fabrication in the late 1980s has resulted in a red
tion of the cross section by two orders of magnitude, lead
to a corresponding extension of the temperature inte
where the thermal activation of the phase slip is importan44

Thus, when approaching the critical temperature, it becom
more and more probable that the phase slip is triggered
thermal fluctuations forI ,I c(T), implying that there must
exist a crossover between the SBT and the LA-MH regim
Such a crossover could possibly resolve difficulty 2~iii ! ~see
Sec. VII A!.

A possible synthesis of the two models has recently b
proposed by Arutyunov.9 The keypoint of his paper is base
on the intuitive argument that the time average of the volta
drop across a PSC should be proportional to the frequenc
the phase-slip eventsGT and the decay timetQ* of the volt-
age pulses corresponding to individual phase slips. Acco
ingly, Arutyunov introduces a prefactorGTtQ* to describe
the time-averaged spatial variation ofmp and mq @see Eq.
~15! in Ref. 9#, whereGT is calculated within the LA-MH
theory, while the spatial dependence ofmp andmq is taken
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10 864 57C. STRUNKet al.
from the SBT model@see Fig. 1 and Eq.~2!#. The introduc-
tion of the prefactortQ* GT is incompatible with the assump
tion that the time average of the voltage across the PS
linked to the phase-slip rate via the Josephson relation.
latter assumption has been used, however, throughout
previous literature on phase-slip centers, including
LA-MH and SBT models@see, e.g., Ref. 25, Eq.~4!#. There-
fore, it appears that a microscopic theory consistently co
bining the thermal activation of the phase slip and the cha
imbalance effects is still lacking.

In the already mentioned experiment by Parket al.,8 two-
dimensional samples with an artificially created norm
superconducting interface have been studied. Parket al.
found anomalies inR(T) andV(I ) which are very similar to
ours and also rely on an explanation in terms of charge
balance around PSC’s. Intuitively, it appears unlikely th
PSC’s can nucleate in films much wider than the superc
ducting coherence length. Recently, however, experime
evidence was found that the onset of resistive behavio
wide superconducting strips occurs due to so-called ph
slip lines, which behave very similar to phase-slip centers
one-dimensional superconductors.45 Park et al. also observe
that the anomaly inV(I ) disappears close toTc0 but they do
not provide data on the magnetic-field dependence.

C. Line structures vs loop structures

At first sight, there appears to be a difference in behav
between lines~structure A! and loops~structure B!. In our
experiments on line structures a certain dc or rf current l
is necessary to activate the weak spot of the sample
generate the anomalies. The anomalies in loop structures
pear without exceeding a critical current load, i.e., the re
tance curves are insensitive to a small ac probe current&100
nA for our samples. An explanation for this difference cou
be that the role of the dc or rf current load in case of
loops is taken over by the shielding current around the lo
that maintains fluxoid quantization forFÞnF0. The experi-
ments of the Cornell group8,12 also show that resistanc
anomalies are present at negligible probe current load, w
there is a substantial local reduction ofTc induced by the
reactive ion etch.

Hence, it appears that the presence of resistance an
lies in the limit of vanishing current load requires a critic
value for the suppression ofTc in the weak spot. As illus-
trated in Fig. 15, an increase ofDTc above 5 mK leads to the
emergence of the resistance anomalies in the loop. This
servation offers another — at least partial — solution
difficulty 2~ii ! ~see Sec. VII A!, which is indicated by the
suppression of the Little-Parks effect close toTc0 ~see Fig.
12! and the simultaneous vanishing of the resistance ano
lies for F5(n11/2)F0 @see theR(T) curves forn50, 1
and 2 in Fig. 13~a!#. As j(T) diverges close toTc0, the
efficiency of the loop as the weak spot is strongly reduced
similar effect is also expected for the weak spot in the l
samples, which is consistent with the strong reduction of
negativedV/dI peaks in the 1.367 K trace of Fig. 9. Th
1.373 K trace of Fig. 9 is already in the fluctuation regim
aboveTc0, confirming that the anomaly indeed vanishes
the normal state.

Very recently, Zhang and Price have measured the m
netic susceptibility of a single isolated Al loop as a functi
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of temperature and magnetic flux.46 They found that the
phase-slip activation rate determined from histograms of
dividual phase-slip events is in reasonable agreement wi
variant of the LA-MH theory for loops. Their results provid
a direct test of the LA-MH theory forequilibriumphase fluc-
tuations, which does not rely on transport measureme
Thus, the LA-MH theory may serve as a possible start
point for the inclusion ofnonequilibrium effects such as
charge imbalance, which appear to be important for the
derstanding of the transport experiments in mesosco
wires.

D. Possible mechanisms for the rf generation of the anomalies

Finally, we briefly speculate about the possible causes
generation of the anomalies by rf irradiation. We have
ready discussed the effect of classical mixing, which c
account for the resistance maximum but not for the exc
voltages inV(I ). Another simple possibility is that the r
current exceeds the critical current of the weakest spot d
ing a certain fraction of the rf cycle. Two things may happe
~i! the heat dissipated in the weak spot when it is in
normal state may be sufficient to keep it normal during
whole rf cycle, leading to a kind of SNS structure with a
associated charge imbalance;~ii ! the rf current triggers the
phase-slip cycle as long asI rf(t).I c(T) with a high enough
rate to provide an average dc voltage which exceedsRNI dc.
Case~i! should be obtained when the frequencyn rf of the rf
signal is comparable to or higher than the inverse ene
relaxation time (tE.4 ns!. Besides the mixing effect dis
cussed above, case~ii ! could contribute to the anomalies ob
served at interference frequencies in the kHz range wh
n rf!1/tE . Note that in the frequency interval investigated
this work \v!D(T), implying that there is no direct pai
breaking by the rf current. In case of theV(I ) characteristics
under rf irradiation@see Fig. 4~a! in Ref. 7# there is also no
synchronization of the rf current and the phase-slip proce
since the frequency of the rf current is fixed, whileVdc varies
strongly close to the critical current.

To our knowledge, only a few theoretical calculatio
have addressed the influence of rf irradiation on the resis
state in superconducting filaments. Ivlev47 has discussed the
nucleation of a spatially inhomogeneous superconduc
state induced by a rf electromagnetic field of frequency\v
!D(T). Churilov et al.48 have reported electromagnetic o
cillations in narrow superconducting wires containing PSC
with a frequency much lower than the Josephson freque
corresponding to the voltage across the PSC’s. Gogad49

has interpreted the latter experiments in terms of multi
Andreev reflection of quasiparticles between the two N
boundaries of the PSC. The external rf field may synchron
with these comparatively low-frequency oscillations.

VIII. CONCLUSIONS

We have studied resistance anomalies and excess volt
in one-dimensional mesoscopic superconductors. Great
has been taken to distinguish between intrinsic effects
spurious effects due to parasitic ac currents through
sample. The anomalies are absent very close to the mag



c
c
h
.
b
-
g
o
is
be
u

l
es
en
ers

has
der

ile
ston
rch

57 10 865RESISTANCE ANOMALIES IN SUPERCONDUCTING . . .
phase boundaryTc(B) and appear whenTc is reduced by
external perturbations like a rf field or a sufficiently high d
current. An interpretation in terms of charge imbalan
around spots of locally reducedTc has been discussed, whic
allows a qualitative understanding of the observed effects
control experiment has been performed, in which a tuna
local reduction ofTc has been achieved by using the Little
Parks effect of a loop integrated into the samples. Althou
many of the experimental findings fit into the scenario
nonequilibrium superconductivity, more theoretical work
required to provide a quantitative understanding of the
havior of the anomalous effects as a function of the vario
parameters like temperature, current, and magnetic field.
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