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Electrical transport measurements were made on single-crystal Sn nanowires to understand the intrinsic
dissipation mechanisms of a one-dimensional superconductor. While the resistance of wires of diameter larger
than 70 nm drops precipitously to zero atTc near 3.7 K, a residual resistive tail extending down to low
temperature is found for wires with diameters of 20 and 40 nm. As a function of temperature, the logarithm of
the residual resistance appears as two linear sections, one within a few tenths of a degree belowTc and the
other extending down to at least 0.47 K, the minimum temperature of the measurements. The residual resis-
tance is found to be ohmic at all temperatures belowTc of Sn. These findings are suggestive of a thermally
activated phase slip process nearTc and quantum fluctuation-induced phase slip process in the low-temperature
regime. When the excitation current exceeds a critical value, the voltage-currentsV-Id characteristics show a
series of discrete steps in approaching the normal state.
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When the diameter of a superconducting wire is smaller
than the phase coherence lengthjsTd, its behavior is ex-
pected to deviate from that of bulk and crosses over towards
that expected of a quasi-one-dimensionals1Dd system. In
spite of extensive experimental studies over the last three
decades, there are still controversies on what are the ex-
pected properties of a 1D superconductor.1–6 A major reason
for the uncertainties is the variety of microstructure and mor-
phology of the samples used in the experiments. Indeed, con-
trasting results are found in granular,1 polycrystalline,2 and
amorphous wires3–6 fabricated by sputtering or evaporating
techniques. Measurements on single-crystal nanowires with
uniform diameter would be ideal to single out the effect of
1D confinement. To date, such measurements were carried
out only on crystalline superconducting whiskers with diam-
eters ranging from 0.1 to 0.8mm.7–10At such a length scale,
1D behavior is unlikely to be evident, except at temperatures
very close toTc.

In this paper we present a systematic study of transport
properties of single-crystal cylindrical tinsSnd nanowires
with diameters between 20 and 100 nm. We chose tin in our
study because the coherence length of bulk tin is relatively
long fjs0d,200 nmg and single-crystal nanowires of uni-
form diameter can be consistently prepared by a simple
template-assembly technique.11 Our results show a clear
crossover from bulk-like to probably quasi-1D-like behavior
when the diameter of the wires is reduced to 40 nmsfive
times smaller than the bulk coherence lengthd. Two different
dissipative processes, i.e., thermally activated phase slip
sTAPSd close toTc and quantum phase slipsQPSd at tem-

peratures far belowTc, are clearly observed for the wires of
20 and 40 nm in diameter. Current-induced multiple voltage
steps in the voltage-currentsV-Id characteristics were also
observed in these single-crystal nanowires over a wide tem-
perature range belowTc.

Tin nanowires were fabricated by electrodepositing tin
into a porous membrane at room temperature.11 The electro-
lyte was 0.05 M SnSO4 aqueous solution with 2% gelatin by
weight, and thepH value was adjusted below 1 with concen-
trated H2SO4. Pure bulk tin wire was used as the positive
anode, and a Au film evaporated on one side of the mem-
brane worked as the negative cathode. The depositing volt-
age between two electrodes is about −0.08 to −0.2 V. The
wires with diameters of 40, 60, 70, and 100 nm and a length
of about 6mm were synthesized with commercial polycar-
bonate membranesfPCM; Structure Probe, Incg, while the
20 nm wires with a length of,30 mm were made using
home-made anodic alumina membranesAAM d. The images
of the surface and the cross section of the AAM, shown,
respectively, in Figs. 1sad and 1sbd, are characterized by
field-emission scanning electron microscopysFESEMd. The
1D channels of the pores are found to be aligned almost
parallel to each other and perpendicular to the surface of the
membrane without interconnecting channels between the ad-
jacent pores. The pore density of 20 nm AAM is about 4
31010 pores/cm2. For PCM membrances, the pore density is
about 63108 pores/cm2, two orders lower than that of
AAM. The pores in PCM are randomly distributed.12 Figures
1scd and 1sdd, respectively, show the images of the resulting
nanowires fabricated with PCM, characterized by transmis-
sion electron microscopysTEMd and by electron diffraction
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measurements. All the nanowires randomly selected for the
TEM study showed single-crystal structure along the entire
length of the wire, and almost 90% of them showed a pre-
ferred f100g crystallographic direction of tetragonalb-tin.
The diameter of an individual wire was found to be uniform
along its length, but the diameters from wire to wire varies
by about ±5 nm, reflecting the dispersion of the pore diam-
eter of the membrane.

Transport measurements were carried out with the Physi-
cal Properties Measurement SystemsQuantum Design Inc.d,
equipped with a He-3 cryostat and a superconducting mag-
net. Sn nanowires released from the membrane with diameter
less than 40 nm are found to be unstable in shape at room
temperature;13 i.e., in a matter of hours after being released
from the membrane, the wires are found to develop regions
of thick nodules and narrow necks along the length of the
wire. We think this is due to the fact that the wires are un-
dergoing coarsening transformation towards their thermody-
namic equilibrium, i.e., spherical, shape. Wires released from
the membrane also develop an oxide layer on the surface.
These complications make standard four-lead measurement
on thin individual Sn wires difficult. In this experiment,
transport measurements are made on wires embedded in the
membrane; the voltage and current leads to the wires are
made by mechanically squeezing high-puritys99.999%d bulk
Sn wires of 0.5 mm diameter onto the two sides of the mem-
brane. Before the Sn leads were attached, the Au film pre-
evaporated on the membrane for electrodeposition was re-
moved either under N2 protection atmosphere or with the
membrane immersed in pure ethanol solution. A schematic of
our experimental arrangement is shown as an inset of Fig.
2sad This arrangement is very similar to the technique used
for transport measurement of superconducting whiskers.7–9

The whiskers were held by two electrically isolated super-
conducting blocks of Wood’s metal, enabling two-probe
measurements. There are reports of two-lead transport mea-
surements on Au-capped polycrystalline Pb and Sn nano-
wires also embedded inside the membrane.12,14The wires are
also fabricated by electrodeposition technique. The contact
and lead resistance due to the gold caps cannot be subtracted
from the data in those measurements. In our arrangements, it
appears the procedure of squeezing the bulk Sn leads to the
nanowire arrays can reliably break through the possible ox-
ide layers and join the bulk Sn directly to the nanowires. The
series resistance of bulk Sn leads and the contact resistance
between the leads and the nanowire arrays for all samples we
have studied, as we shall show below, were found to be
negligibly small at temperatures belowTc of bulk Sn. There-
fore, any features in the resistance below 3.7 K can be attrib-
uted to the nanowires.

In a separate measurement, the resistivity of a single
70 nm thick Sn wire released from the membrane and at-
tached to conducting leads fabricated by an e-beam
technique15 was determined to be 7.6mV cm at 5 K just
above the transition temperature. Since the fabrication pro-

FIG. 1. Panelssad and sbd, respectively, show the FESEM im-
ages of the surface and cross section of home-made AAM mem-
branes.scdand sdd, respectively, show the TEM images of the ran-
domly distributed freestanding Sn nanowires fabricated with PCM,
and the electron diffraction pattern of the individual 40 nm wire
showingf100g orientation. FIG. 2. sad Resistance vs temperature of 20 and 100 nm Sn

wires fabricated with AAM and PCM, respectively, in the wide
temperature range of 0.47–300 K. The resistance value of 100 nm
wires was normalized to that of 20 nm wires at 5 K by multiplica-
tive a factor of 230. A schematic arrangement for the transport
measurement is shown in the inset. Figure 1sbd summarizes the
results of ourRsTd measurement in low-temperature range for the
20, 40, 60, 70, and 100 nm Sn nanowire arrays. The solid lines for
20, 40 and 60 nm wires are the calculation results based on TAPS
model nearTc and QPS model belowTc with four adjusting param-
eters, while those for 70 and 100 nm wires were made based on
only the TAPS model with two fitting parameters.
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cess is identical, it is reasonable to assume this wire has a
resistivity value similar to that of the wires still embedded in
the membrane. This assumption allows us to estimate the
number of wires in a membrane making contact to the bulk
Sn leads from the measured resistance at 5 K. The estimated
numbers of wires for the 20, 40, 60, 70, and 100 nm samples
we used in this study are, respectively, 18, 1, 8, 15, and 53.
Based on the uncertainties of the length and diameter of the
wires and possible variation in the resistivity value, the num-
bers listed above for the 20, 60, 70, and 100 nm samples are
likely to be correct to within 25%. The estimate of a single
wire for the 40 nm sample, however, must be accurate, as the
stated uncertainties in resistivity and the wire dimensions do
not allow any conclusion other than that of a single wire. We
note that the data of all the samples display a consistent trend
with decreasing wire diameter.

In Fig. 2sad, the solid line shows theRsTd curve of a
20 nm Sn wire arrays18 wires with length of 30mmd, fab-
ricated with home-made AAM, from room temperature down
to 0.47 K. The dashed line shows that of the 100 nm Sn
wires s53 wires in the array with length of 6mmd, fabricated
with PCM. The resistance of the 100 nm wires is normalized
to the value of the 20 nm wires at 5 K by a multiplicative
factor of 230. TheRsTd curves of these two samples show
metallic behavior from room temperature down toTc with a
room temperature to 5 K residual resistance ratiosRRRd of
9.5±0.5. This means, as we have indicated above, that our
squeezing technique has broken through the oxide layers and
that we have established direct ohmic contact between bulk
Sn and the nanowires. Since pressures are required to make
good, i.e., oxide barrier free, contacts, one may be concerned
that this technique in establishing contact may induce defects
in the nanowires. The similarity of theR versusT curves
shown in Fig. 2sad suggests this is not the case. The RRRs of
the 20 nm wires fabricated in AAM and the 100 nm wires
fabricated in PCM are found to be nearly identical, in spite
of the fact that the Young’s modulus of AAM at 122 GPa16 is
nearly 50 times larger than that of PCM.17 It appears the
membranes are effective in protecting the structural integrity
of the nanowires inside the pores. The RRR of our single-
crystal wires at 9.5±0.5 is 4 to 5 times larger than polycrys-
talline Zn and Au wires of comparable diameter fabricated
and measured with similar techniques. A RRR ratio of 9,
however is an order of magnitude smaller than those of in-
dium, tin, and lead whiskers.8–10 There are a number of pos-
sible reasons for the reduced RRR. These include the intrin-
sic limitation of the crystal quality of the wires in the
fabrication processslike twin boundaries observed in TEM
studiesd, enhanced surface scattering due to the small diam-
eter of the wires and strains in the wires induced by differ-
ential thermal contraction between the wires and the mem-
brane upon cooling.

Figure 2sbd shows the as-measured resistance of the bulk
Sn/Sn-nanowires/bulk Sn system as a function of tempera-
ture for wires of different diameters. The excitation dc cur-
rents used for 20, 40, and 60 nm wire arrays are 1.0mA,
while those for 70 and 100 nm thick wire arrays are
10.0mA. The current densities in 20, 40, 60, 70, and 100 nm
samples are estimated to be, respectively 1.83104 A/cm2,
8.03104 A/cm2, 0.443104 A/cm2, 1.73104 A/cm2, and

0.563104 A/cm2. These excitation currents are well below
the critical current valuesIcd of the nanowiressdetails onIc

will be discussed belowd. Since the series bulk Sn leads and
the contact resistance are negligible belowTc we are able to
follow the resistance of the nanowire down to the resolution
limit of our measurement system at about,5310−3 V with
an excitation current of 1.0mA. The onset temperatureTc of
nanowires, i.e., the temperature at which resistance shows an
abrupt drop, was found to be close to the bulk value at 3.7 K
for all wires withdù40 nm. A slight increase inTc to 4.1 K
is found for the thinnest, i.e., 20 nm wire. It should be noted
that the value ofTc for both the thicker and the 20 nm wires
are reproducible to better than 0.1 K for wires fabricated at
different times. Indeed all the key experimental features re-
ported in this paper have been checked for their reproduc-
ibility with multiple samples. The behavior ofTc of our
single-crystal wires is different from that of granular wires
and amorphous wires fabricated by an evaporation tech-
nique. In granular wires18,19 and granular films,20 the super-
conducting transition temperatureTc is generally found to be
higher than that of bulkTc, but insensitive to the cross-
sectional area of wires. On the other hand,Tc of amorphous
wires was found to be significantly suppressed with decreas-
ing wire cross-sectional area. The enhancement ofTc found
in the 20 nm single-crystal Sn wires may have the same ori-
gin of that of granular films and that of granular wires. One
possible origin is that this is an effect of the increased sur-
face area, which may enhance surface electron-phonon scat-
tering effects.21

The resistance of wires with diameters larger than 70 nm
drops precipitously to zero within 0.2 K ofTc, but the tran-
sition of 60-nm wires broadens and begins to show a residual
resistance extending down to 3.0 K with the resistance fall-
ing below 10−3V, the resolution of our measurement. In
wires of 40 and 20 nm, a clear functional dependence of the
residual resistance on temperature is found. Specifically,
when the logarithm of the resistance is plotted versus tem-
perature, two distinct linear sections are found. A high-
temperature linear section is found immediately belowTc.
Another linear section extends from just a few tenths of a
degree belowTc down to the lowest temperature of measure-
ment at 0.47 K. The broadening of the transition nearTc in
thin whiskers22,23 and In nanowires1 has been observed and
was interpreted as a consequence of a TAPS process.24 The
TAPS model predicts a dissipative resistanceRTAPS that
scales as e−DF/kBT, with DF=s8Î2/3dsHc

2/8pdAj being the
free energy barrier, andHc, j, A, and kB being the
temperature-dependent critical field of bulk sample, phase
coherence length, cross-sectional area of the 1D wire, and
the Boltzmann constant, respectively. SinceHc goes as
sTc−Td, and j,sTc−Td−1/2 near Tc, the energy barrier
DF,sTc−Td3/2. This means the terme−DF/kBT drops off very
rapidly when the temperature is decreased fromTc. There-
fore, the TAPS model is expected to be relevant only at tem-
perature very close toTc. The exponential residual resistance
near Tc, as shown in Fig. 2sbd for 20, 40, and 60 nm, is
consistent with these earlier experiments.

The second low-temperature exponential residual resis-
tance that extends over a wide range of temperature down to
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0.47 K cannot be understood in the framework of the TAPS
model. A similar exponential decay in resistance down to
low temperature was found by Giordano1 in granular indium
wire of 41 nm in diameter, fabricated from evaporated In
film with step-edge lithographic technique.1,25 In Giordano’s
experiment, the low-temperature exponential decay in resis-
tance is found to extend fromTc=3.4 K down to 2.7 K, the
lowest temperature of his experiment. Giordano proposed a
phenomenological QPS model to explain his results. The fi-
nite exponentially decaying in resistance is proposed to re-
sult from quantum fluctuation-induced tunneling through an
energy barrierDF, resulting in a resistanceRQPS of the form
e−DFtGL/" with tGL and " being the Ginzburg-Laudau relax-
ation time and Planck’s constant, respectively. The solid lines
tracing the measured resistance of the 20, 40, and 60 nm
below Tc, shown in Fig. 2sbd, are fits of the form
Rtotal=RTPAS+RQPS.

26 The RTAPSand RQPS, respectively, de-
note the contribution of resistances from TAPS process near
Tc and QPS process at temperature belowTc. The fact that
we are able to fit to the data well with four free parameters
over the full temperature range lends support to the proposal
of Giordano of a QPS process.

In order to further understand these interesting transport
properties in thin single-crystal Sn nanowires, theV-I char-
acteristics were measured at different temperatures. The re-
sults of 70, 40 and 20 nm Sn wires are shown in Fig. 3. We
shall first explain our results in the low excitation current

more clearly displayed in the log-log scalespanels d, e, and
fd. The 70 nm wiresspanel dd at any temperatures ofT,Tc
show exactly zero voltage when the excitation current is be-
low a certain temperature-dependent critical valueIc. In con-
trast, the 20 nm nanowire arrayspanel fd, even at low current
limit, never shows zero voltage at all temperatures. TheV-I
curves are parallel to each other in the current range
I ,2 mA and are also parallel to that in the normal state at
T=4.2 K. This demonstrates that the finite resistance mea-
sured at the low current limitsI ,2 mAd in the thinner wires
shown in Fig. 2sbd is ohmic in nature, not only nearTc, but
also at temperatures well below theTc. Similar low-current
ohmic resistance behavior was also found in the 40 nm indi-
vidual wire, but the measured voltage becomes vanishingly
small at temperatures below 2.5 K. The fact that the ohmic
finite resistance found in the low excitation current limit is
enhanced with reduced diameters suggests this is likely an
effect due to 1D confinement. A quantitative prediction of the
TAPS model is that the residual resistance measured in the
low current limit should be ohmic.22,23This is a consequence
that in the TAPS model, the residual resistance results from
an activated phase slip process over an energy barrier. Our
I –V measurements here show that this is in fact the case for
the residual resistance forT nearTc. Furthermore, we found
the residual resistance of the 20 and 40 nm wires to be ohmic
at all temperatures. This lends further credence to the phe-
nomenological QPS model with a tunneling energy barrier.

When the excitation current in 20 and 40 nm wires is
increased beyond the linear region, as seen in the panelssed
and sfd, the measured voltage first shows an upward devia-
tion and then jumps up sharply with current. The value of the
current at the initial point of the voltage jump in theV-I
curve is defined as the initial critical currentIc0. They
are, respectively, about 9.5 and 11.0mA at 0.47 K for 20
and 40 nm wires, which corresponds to current densitiesjc
of 1.83105 A/cm2 and 8.83105 A/cm2. These values
are about 1–2 orders smaller than that for bulk Sn:27

jc,2.33107 A/cm2. As shown in panelsfd, there is a mini-
mum in voltage just below theIc0 in the 20-nm wires for
temperature below 1.0 K. We do not understand the mecha-
nism of this interesting behavior.

TheV-I curves of 20, 40 and 70 nm wires in high excita-
tion current are more clearly displayed in linear scalesspan-
els a, b, and c in Fig. 3d. The behavior found for the 70 nm
wires is again qualitatively different from that of 20 and
40 nm wires. TheV-I curves for 20 and 40 nm wires showed
a series of voltage steps in approaching the normal state over
the entire temperature range ofT,Tc. The current value at
which the wires are driven to normal state is defined as the
upper critical currentIc

up. These voltage steps betweenIc0
andIc

up are reproducible irrespective of whether the current is
swept up or down. However, the steps are not found in the
70 nm wires forT,2.4 K, instead, upon reaching a certain
excitation current, the voltage fluctuates between zero in the
superconducting state and a finite value in the normal state.
Upon further increase of the excitation current, the measured
voltage stabilized in the normal state. There are no two dis-
tinct critical currents for 70 nm wires as in 20 and 40 nm
wires at temperature below 2.4 K. A likely explanation of
this fluctuation behavior is that when one or more of the

FIG. 3. V-I curves ofsad 70, sbd 40, andscd 20 nm Sn nanowire
arrays measured at different temperatures in linear scale. Panelssdd,
sed, andsfd show log-log plots ofV versusI. These plots show more
clearly the data in the low current limit.
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wires are driven to the normal state due to the dispersion of
wire diameters, the high finite resistance causes heating and
induces the entire wire array to the normal state. In the nor-
mal state the higher resistance limits the flow of the current
through the wires, thus allowing the wire array to cool and
return to the superconducting state. This process repeats over
a range of the excitation current. One step in theV-I curve
emerges between the superconducting and the normal state in
the 70 nm wires at 2.4 K as in 20 and 40 nm wires, and
multiple steps are clearly seen at 3.2 and 3.5 K. These results
suggest that the voltage steps are consequence of the wire
approaching the 1D limit. NearTc the superconducting co-
herence length increases, which has the effect of placing the
70 nm wire closer to the 1D limit. On the other hand, wires
of 40 nm and thinner diameters appear to be in the 1D limit
over the whole temperature range. It is noteworthy that the
exponential residual resistances, measured under low excita-
tion current as shown in Fig. 2sbd, are also seen in 40 and
20 nm wires, but not in wires thicker than 60 nm.

The voltage steps seen in Sn nanowires are reminiscent of
those observed previously in Sn whiskers,7–9,28but the steps
in whiskers can be seen only in a very narrow temperature
region sDT,0.1 Kd below Tc. These steps were interpreted
as a consequence of spatially localized “weak spots” or
phase slip centerssPSCsd.29,30 These “weak spots” are
thought to be related to the local defects or imperfections in
the whisker that support a smaller local critical current.
When the excitation current exceeds the local critical current
of a specific PSC, a step in the whisker is created. The spatial
extent of the PSC is given by the quasiparticle diffusion
length Lq due to the conversion of normal electrons into
Cooper pairs near the PSC. It is typically on the order of a
few micrometers in length. The number of voltage steps in
V-I curves was found to scale with the length of the
whisker,7 and a hysteresis loop inV-I curve at each voltage
step was expected.31 When applying a magnetic fieldsHd
aligned parallel to the wire, the number of PSCs is expected
to increase with increasingH. This is because the quasipar-
ticle diffusion lengthLq, according to the Skocpol-Beasley-
Tinkham sSBTd model,29,30 is predicted to decrease with in-
creasingH; thus, more PSCs can “fit” along the length of the
whisker. Our results show several features that are different
from those found in whiskers and cannot be explained by the
SBT model.29,30The first is the number of steps we found in
the 40 and 20 nm wires. Since these wires were fabricated
with identical procedures, they should be similar in terms of
crystallinity and imperfection. If the line density of the weak
spots is similar, then the 20 nm wire array with 18 wires of
30 mm in length should have 90 times more PSCs than that
in the single 40 nm wire of 6mm in length. Instead, Fig. 3
shows a comparable number of sharp steps. Secondly, we did
not observe the hysteresis in theV-I curves near the voltage
steps. Thirdly, the step number was found to decrease with
increasing the magnetic field. Figure 4 shows theV-I curves
of 20-nm Sn wires, measured at 2.5 K under different mag-
netic fields. When the magnetic field is increased beyond a
certain values3.0 kOed, the multiple voltage steps merge
into two and then into a single step atH* =6.0 kOe.

Recently, Michotteet al.12,32,33investigated theV-I char-
acteristics of polycrystalline Sn nanowires, fabricated by

electrodepositing Sn into porous polycarbonate membranes.
Through a clever experimental configuration, a single Sn
wire of 50 mm in length and 55 nm in diameter was claimed
to be measured with Au leads. Their results showed two
voltage steps in theV-I curve under constant current-driving
mode. Michotteet al.32,33 proposed a model using the gener-
alized time-dependent Ginzburg-Landau equation. The
theory indicated that the competition between two relaxation
times srelaxation time of the absolute value of the order pa-
rametertucu and relaxation time of the phase of the parameter
tufu in the PSCd governs the phase slip processsi.e., tufu
,tucud. They discussed the effect of magnetic field and de-
fects on both relaxation times andV-I curve. An important
conclusion of their model is that under a magnetic field that
exceeds a critical valuesH*d, the voltage jumpssPSCsd dis-
appear in theV-I curve. The reason is that the magnetic field
suppresses the order parameterucu everywhere in the sample,
leading to an increase ofLq,1/Îucu, and hence there is a
lack of space for the coexistence of two PSCs in the wire.
The model also predicts that there will be no hysteresis near
the voltage steps when the defects in the wire are sufficiently
“strong.” TheV-I characteristics of our Sn wires as shown in
Fig. 3 exhibit features that are similar to the experiments of
Michotte et al. and consistent with their proposed model.
Namely, we do not find evidence of hysteresis at voltage
steps ofV-I curves under constant current-driving mode, and
the number of voltage steps decreases with the increase of
magnetic field. However, there are also differences between
our data and that of Michotteet al.The length of the Sn wire
in Michotte’s experiment is 50mm, which is more than eight
times longer than our individual 40 nm Sn wire of 6mm.
Michotte et al. observed two voltage steps in theV-I curve
under constant current-driving mode and the spatial extent of
one PSC in their Sn wire was estimated to be around
40 mm.12 This length is almost seven times longer than the
total length of our single Sn wire of 40 nm in diameter. Fig-
ures 3sbd and 3sed showed at least six voltage stepssPSCsd in
our individual 40 nm Sn wire of 6mm in length. As noted
above, it is also puzzling that the step number in theV-I
curves is insensitive to the length and the number of the
wires in the array. Our 20 nm wire array with 18 wires of
30 mm in length, as expected, should fit much more PSCs
along the length than the single 40 nm wire. We do not un-
derstand these differences. One possibility might be that our

FIG. 4. V-I curves of 20 nm Sn wires measured at 2.5 K and
different magnetic fields aligned parallel to the wires.
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wire has a single crystalline morphology as compared to the
polycrystalline samples used in Michotte’s experiment.

Figure 3 shows differentV-I behavior in 20 and 40 nm
wires for excitation currents below and above the initial criti-
cal currentIc0. When the current is higher than the upper
critical valueIc

up, the wires become completely normal. Fig-
ure 5 shows a plot ofIc0 andIc

up as a function of temperature
showing two regimes with different dissipation processes. At
excitation currents belowIc0, the nanowire system is in the
homogeneous superconducting state. The dissipations are

governed by TAPS or QPS processes. This regime is sepa-
rated from the normal state by a regime characterized by
multiple voltage steps, in which the nanowires are driven
into current-induced inhomogeneous strong dissipation state.

In summary, we found the electrical transport properties
of single-crystal Sn wires with diameters of equal and below
40 nm to be distinctly different from those of thicker wires.
This suggests Sn wires with diameters less than 40 nm,
which is 5 times smaller than the phase coherence length,
reach the 1D limit. The 1D wires show evidence of quantum
fluctuation induced dissipation in the low temperature regime
under low excitation current. When the excitation current
exceeds a critical value, theV-I curves show a series of
discrete steps in approaching the normal state, which can be
qualitatively understood by the recently proposed PSC
model.
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