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The recently reported and hitherto poorly understood resistance anomalies at the superconducting transition
of quasi-one-dimensional mesoscopic Al structures can be induced by radio-frequency radiation. We show that
these anomalies are correlated with changes in the voltage-current characteristics which are created in the
presence of the radiationbelow the superconducting transition. The anomalies appear to be closely related to
the creation of localized phase-slip centers by the radio-frequency radiation.@S0163-1829~96!04518-3#

Superconductivity in mesoscopic systems has received
considerable experimental and theoretical interest in recent
years.1 An intriguing new phenomenon has been observed in
superconducting~SC! mesoscopic Al lines2 and loops3,4

when the dimensions of these samples are comparable to or
smaller than the SC coherence lengthj~T!. A pronounced
resistance overshoot is observed in theR(T) curves just be-
fore reaching the normal-state resistanceRN . Although sev-
eral explanations have been proposed2,4,5 to understand the
enhancement of the resistance above its normal-state value,
its exact origin is still unknown. The anomaly is believed to
be related to the quasi-one-dimensional~quasi-1D! line
structure and to the fact that the distance between the mea-
suring probes becomes comparable to the characteristic
length scales governing the SC transition.

It is well known that in SC lines having a width below
j~T! the onset of the resistive behavior is caused by the local,
thermally activated creation of phase-slip centers~PSC’s!.6

Around the induced localized resistive spots an area of non-
equilibrium superconductivity is created7,8 which is charac-
terized by the difference between quasiparticle and Cooper
pair electrochemical potentialsmQP andmCP. Equilibrium is
restored only on a length scalelQ* (T) which is considerably
larger thanj(T). More recently, Kwonget al.9 have shown
that a resistance overshoot can be created in the vicinity of a
normal/superconducting~N/S! interface, supporting the im-
portance of charge imbalance for the effect.

In this paper, we present experimental evidence that the
resistance anomaly occurs in the superconducting state and
can be controlled inhomogeneousmesoscopic Al samples by
applying radio-frequency~rf! radiation. We believe that the
anomaly can be explained as a charge imbalance phenom-
enon arising from the local creation of PSC’s by rf irradia-
tion, and is directly related to changes in the voltage-current
V(I ) characteristics induced by the radiation.

Samples were prepared by thermal evaporation of
99.999% pure Al onto oxidized Si wafers, previously pat-
terned by standarde-beam lithography techniques. Scanning
electron and atomic force microscopy revealed a smooth Al
surface with no major cracks or holes appearing down to the
nanometer scale. The sheet resistance of the 43 nm thick

Al films was 0.6 V, giving an elastic mean free path
l>16 nm.10 For this l value we estimated the relevant char-
acteristic lengths asj(T)50.85[j0l /(12T/Tc]

1/2>0.13(1
2T/Tc)

21/2 mm and lQ* (T)5[DtQ* (T)]
1/2>3.4(1

2T/Tc)
21/4 mm. D is the electronic diffusion constant and

tQ* (T)5[4kBTct in#/[pD(T)].11,12 D(T) is the energy gap
and the inelastic scattering timetin , which depends on the
degree of disorder, was estimated to be about 4 ns.11

Figure 1 shows a schematic of a typical device. It consists
of 0.13mm wide lines, interrupted by a square loop with 1
mm outer diameter. Two pairs of voltage leads are attached
on both sides of the loop. The distance between the voltage
probes and the loop was 2 and 3mm, respectively. For
smaller distances, the basic results remain unchanged. The
linewidth of the current and voltage leads is kept constant at
0.13mm to a distance of 7mm from the sample in order to
minimize the influence of the wide parts of the contacts on
the measurement. We will focus here on the properties of the
samples in zero magnetic field; the pronounced influence of a
perpendicular magnetic field will be analyzed in a subse-
quent paper.

The transport measurements have been performed with a
PAR 124 A lock-in amplifier for ac measurements at 27 Hz
and a HP 34420 nanovoltmeter for dc measurements of the
V(I ) characteristic. All leads~except for the coaxial cable

FIG. 1. Typical six-terminal layout with the rf current passed
through the current contactsI 1 and I 2 .
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which is used to bring down the rf signal! are shielded byp
filters with a cutoff frequency of 1 MHz. The six sample
leads consist of stainless steel coaxial cables, providing a
further damping for rf interference with frequencies above 1
GHz. The rf signal, generated by a Rhode and Schwarz
SMY-02 source, is transmitted by a coaxial cable in a sepa-
rate tube and coupled with small capacitors to the current
leads of the sample~Fig. 1!. Due to the changing impedance
of the sample as it goes through the superconducting transi-
tion, it is difficult to determine the actual amount of rf power
applied to the sample for different frequencies. Nevertheless,
a comparative study of the response of different segments of
the same sample at fixed frequency is possible, since the rf
signal is applied simultaneously to all segments of the
sample and the wavelength of the radiation is large in com-
parison to the sample dimensions.

Figure 2~a! shows the superconducting transition for the
line segment between voltage leadsV1 andV3 ~see Fig. 1!
for various amplitudes of an applied rf field of 400 MHz.
The trace for248.8 and250.7 dB power is similar to the
resistance anomaly that has been observed previously2–4

with no intentionally applied rf field. With proper shielding,
the resistance anomaly disappears, as can be seen in the trace
of Fig. 2~a! with no applied rf radiation. Introduction of a
small amount of rf first leads to a decrease inTc , which may
be due to pair breaking or joule heating of the sample. For
higher rf power, pronounced resistance maxima can be in-
duced, withRexceedingRN by up to 30%. Similar trends are
observed up to our maximum irradiation frequency of 2

GHz. Figure 2~b! shows similar data for a rf frequency of 50
MHz. For this frequency, the resistance bump appears at
temperatures below the midpoint of the transition for low rf
power and grows and broadens with increasing rf power until
the resistance is raised well aboveRN . The effects do not
depend on thermal cycling of the sample between 1 and 300
K but are slightly different from sample to sample.

To clarify whether charge imbalance is involved in the
effect, we measured over different voltage probes of the
same sample in order to check the spatial dependence of the
excess voltage. A typical example of normalizedR(T)
curves obtained over different line segments of the same
sample~see Fig. 1! is shown in Fig. 3. At 400 MHz a bump
can be induced only in the short segment between the con-
tactsV1 andV3 . The other segments of the sample, which
are nominally exposed to the same rf current, do not show
the pronounced enhancement ofR aboveRN , but are sub-
jected to the same depression ofTc. Tc is defined as the
midpoint of the resistive transition of the segments which do
not show the anomaly~see the arrow in Fig. 3!. Figures 2~b!
and 3 clearly demonstrate that the resistance bump risesbe-
low Tc , i.e., in the superconducting state. For the long seg-
mentV3/V4 , only minor anomalies can be seen at different
frequencies, demonstrating that the bump generated in a sub-
section does not show up if the distance between the probes
becomes larger. This is in agreement with the sample length
dependence observed by Santhanamet al.2 and with the idea
that the excess voltage is present only when probing the core
of the PSC. We have observed similar results for several
quasi-1D samples of the same linewidth, while a control
measurement on a 2D film only revealed a depression ofTc
without any resistance anomalies.

Figure 4~a! shows some voltage currentV(I ) characteris-
tics of the line segmentV1/V3 of the mesoscopic sample
subjected to the same rf signal of 400 MHz and250 dB
power as in Fig. 3. At temperatures corresponding to the

FIG. 2. R(T) curves measured over segmentV1/V3 for an ap-
plied rf signal of different amplitudes and of frequency~a! 400
MHz and ~b! 50 MHz.

FIG. 3. NormalizedR(T) curves for an applied rf disturbance of
400 MHz and250 dB power measured across different segments of
the sample. A clear bump shows up across segmentV1/V3 only.
Note that the depression ofTc is the same for all segments and the
resistance bump in segmentV1/V3 arises indeed belowTc . For
comparison, the solid line showsR(T) for segmentV3/V4 without
rf irradiation.
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position of the resistance maximum we observe an enhance-
ment ofV(I ) above the linear Ohmic behavior. The slope of
V(I ) at zero current matches the height of the observed re-
sistance maximum. With decreasing temperature an anoma-
lous voltage bump develops with locally negative differential
resistance. At the same time the zero-current slope goes to
zero, corresponding to the transition to the zero-resistance
state. The inset in Fig. 4~a! shows good agreement between
theR(T) curves obtained from ac resistance measurements
at small current~0.1mA! and the slopes of theV(I ) charac-
teristics at zero current. In Fig. 4~b! theV(I ) curves for the
mesoscopic sample, when screened from external rf radia-
tion, are shown. We note that theV(I ) curves show no
anomalies, indicating the absence of inadvertent noise in our
experiment. A 1D line with weak links is expected to give
rise to a linear dependence ofI c(T) on (12T/Tc!.

13 As
shown in the inset to Fig. 4~b!, we observe power law be-
havior I c(T)5I c0(12T/Tc)

3/2 in agreement with the
Ginzburg-Landau theory for a 1D wire, clearly supporting

our assumption about the absence of weak links in our
sample.

Coming now to the possible microscopic origin of the
anomalies which appear in theR(T) and V(I ) curves, we
refer to the experimental fact that the anomaly clearly devel-
ops below the mean-field SC transition temperature. As in-
dicated before, the onset of the resistive behavior in narrow
SC lines is governed by the local creation of PSC’s. From
previous measurements of long microbridges11,14 it is known
that regions of reducedD are the favored locations for the
formation of PSC’s. These PSC’s will create a charge imbal-
ance region, which we believe to be directly responsible for
the anomalous resistance bump. The excess voltage in the
V(I ) characteristic can be understood in terms of the varia-
tion of the nonequilibrium chemical potentials on a meso-
scopic length scale. Since on short length scales, comparable
to the coherence length, the slopedmCP/dx may well exceed
the slopedmQP/dx ~see Fig. 3 of Ref. 8!, the voltage drop
measured with superconducting probes can be considerably
larger than the voltage generated in the normal state.

An essential ingredient of our interpretation of the results
is obviously related to the local creation of a region of non-
equilibrium superconductivity. Kwonget al.9 and, more re-
cently, Parket al.15 have shown that the generation of a
charge imbalance region by introducing N/S interfaces leads
to very similar effects. A consistent picture emerges when
we assume that the rf radiation induces the local formation of
PSC’s. This possibility has been demonstrated by Dmitriev
and Khristenko.16 At this point, we do not, however, under-
stand the exact mechanism by which the rf radiation excites
the PSC’s or the separation of the bump from the transition
as in Fig. 2~b!.

We note that the presence of a bump inR(T) could also
be understood in terms of a simple mixing of the high-
frequency signal and the low-frequency or dc measuring cur-
rent. As the temperature is varied near the transition, the
current resulting from the high-frequency signal samples the
nonlinear portion of theV(I ) curve, resulting in a measured
resistance higher thanRN . We have indeed been able to in-
duce a bump inR(T) and related anomalies in theV(I )
characteristics with mixing frequencies from 1 kHz to hun-
dreds of MHz. The shape of the superconducting transition is
essentially frequency independent below 1 MHz, but
changes qualitatively above this frequency.17 However, the
simple mixing effect fails to explain important aspects of our
data; for example, the resistance bump appearing below the
transition@Fig. 2~b!# or the large excess voltages in theV(I )
characteristics near the critical current@Fig. 4~a!#.

In summary, we have demonstrated that the remarkable
enhancement of the resistance of superconducting meso-
scopic structures above the normal-state value can be in-
duced by the presence of a rf electric field. The anomaly in
theR(T) curves appearsbelowthe mean field superconduct-
ing transition temperature and is related to anomalies in the
V(I ) characteristics. We attribute these phenomena to the
generation of a local charge imbalance around a phase-slip
center.
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