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Dissipation in quasi-one-dimensional superconducting single-crystal Sn nanowires
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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 Bt 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 degreg, lagldvihe
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 belpvof Sn. These findings are suggestive of a thermally
activated phase slip process n&aand quantum fluctuation-induced phase slip process in the low-temperature
regime. When the excitation current exceeds a critical value, the voltage-c(Wkehtharacteristics show a
series of discrete steps in approaching the normal state.

DOI: 10.1103/PhysRevB.71.104521 PACS nuntber74.78.Na, 73.63.Nm

When the diameter of a superconducting wire is smalleiperatures far below,, are clearly observed for the wires of
than the phase coherence lengifT), its behavior is ex- 20 and 40 nm in diameter. Current-induced multiple voltage
pected to deviate from that of bulk and crosses over towardsteps in the voltage-curreriV-1) characteristics were also
that expected of a quasi-one-dimensiofiaD) system. In  observed in these single-crystal nanowires over a wide tem-
spite of extensive experimental studies over the last threperature range below,.
decades, there are still controversies on what are the ex- 1IN hanowires were fabricated by electrodepositing tin
pected properties of a 1D superconduét8i major reason  INto @ porous membrane at room temperatdrEhe electro-
for the uncertainties is the variety of microstructure and morlyte was 0.05 M SnS@aqueous solution with 2% gelatin by
phology of the samples used in the experiments. Indeed, col€19ht, and thepH value was adjusted below 1 with concen-
trasting results are found in granufapolycrystalling? and ~ tated HSO,. Pure bulk tin wire was used as the positive
amorphous wires® fabricated by sputtering or evaporating anode, and a Au film evaporated on one side of the mem-

) . i . brane worked as the negative cathode. The depositing volt-
ten(’fPoTﬂ]ugim'\g?frsuforges %2;'?3'2?@2‘ P?ﬁg\gggit"gﬁge between two electrodes is about —0.08 to -0.2 V. The
uni ! wou : Ing u wires with diameters of 40, 60, 70, and 100 nm and a length

1D confinement, T.O date, such measurements were c'arrled* about 6um were synthesized with commercial polycar-
out only on crystalline superconducting whiskers with diam-p;n4te membrand®CM: Structure Probe, Icwhile the

eters ranging from 0.1 to 0,.8m.”~'%At such a length scale, 0 nm wires with a length 0f~30 um were made using
1D behavior is unlikely to be evident, except at temperatureg,ome-made anodic alumina membrad®aM ). The images
very close toT.. of the surface and the cross section of the AAM, shown,
In this paper we present a systematic study of transpoffespectively, in Figs. (8 and ib), are characterized by
properties of single-crystal cylindrical ti6Sn) nanowires field-emission scanning electron microscaiBESEM. The
with diameters between 20 and 100 nm. We chose tin in outD channels of the pores are found to be aligned almost
study because the coherence length of bulk tin is relativelyarallel to each other and perpendicular to the surface of the
long [£(0) ~200 nm and single-crystal nanowires of uni- membrane without interconnecting channels between the ad-
form diameter can be consistently prepared by a simpl¢acent pores. The pore density of 20 nm AAM is about 4
template-assembly techniglfe.Our results show a clear X 10'° pores/cm. For PCM membrances, the pore density is
crossover from bulk-like to probably quasi-1D-like behavior about 6x 10° pores/cr, two orders lower than that of
when the diameter of the wires is reduced to 40 (five  AAM. The pores in PCM are randomly distributétFigures
times smaller than the bulk coherence lengifwo different  1(c) and 1d), respectively, show the images of the resulting
dissipative processes, i.e., thermally activated phase slipanowires fabricated with PCM, characterized by transmis-
(TAPS) close toT. and quantum phase sli{®QPS at tem-  sion electron microscopyTEM) and by electron diffraction
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FIG. 1. Panelqa) and (b), respectively, show the FESEM im- 107
ages of the surface and cross section of home-made AAM mem- 10° ‘
branes.(c)and (d), respectively, show the TEM images of the ran- 0 1 2 3 4 5
domly distributed freestanding Sn nanowires fabricated with PCM, T (K)
and the electron diffraction pattern of the individual 40 nm wire
showing[100] orientation. FIG. 2. (a) Resistance vs temperature of 20 and 100 nm Sn

. wires fabricated with AAM and PCM, respectively, in the wide
measurements. All the nanowires randomly selected for thgsmperature range of 0.47-300 K. The resistance value of 100 nm

TEM study showed single-crystal structure along the entirgyires was normalized to that of 20 nm wires at 5 K by multiplica-
length of the wire, and almost 90% of them showed a preye a factor of 230. A schematic arrangement for the transport

ferred [100] crystallographic direction of tetragon@htin.  measurement is shown in the inset. Figuf®) lsummarizes the
The diameter of an individual wire was found to be uniform resyits of ourR(T) measurement in low-temperature range for the
along its length, but the diameters from wire to wire variesyg, 40, 60, 70, and 100 nm Sn nanowire arrays. The solid lines for
by about £5 nm, reflecting the dispersion of the pore diam-g, 40 and 60 nm wires are the calculation results based on TAPS
eter of the membrane. model neaiT, and QPS model beloW, with four adjusting param-
Transport measurements were carried out with the Physkters, while those for 70 and 100 nm wires were made based on
cal Properties Measurement SystéQuantum Design Ing,.  only the TAPS model with two fitting parameters.
equipped with a He-3 cryostat and a superconducting mag-
net. Sn nanowires released from the membrane with diametdihe whiskers were held by two electrically isolated super-
less than 40 nm are found to be unstable in shape at rooeonducting blocks of Wood's metal, enabling two-probe
temperaturé? i.e., in a matter of hours after being releasedmeasurements. There are reports of two-lead transport mea-
from the membrane, the wires are found to develop regionsurements on Au-capped polycrystalline Pb and Sn nano-
of thick nodules and narrow necks along the length of thewires also embedded inside the membr&néThe wires are
wire. We think this is due to the fact that the wires are un-also fabricated by electrodeposition technique. The contact
dergoing coarsening transformation towards their thermodyand lead resistance due to the gold caps cannot be subtracted
namic equilibrium, i.e., spherical, shape. Wires released fronfrom the data in those measurements. In our arrangements, it
the membrane also develop an oxide layer on the surfac@appears the procedure of squeezing the bulk Sn leads to the
These complications make standard four-lead measuremenanowire arrays can reliably break through the possible ox-
on thin individual Sn wires difficult. In this experiment, ide layers and join the bulk Sn directly to the nanowires. The
transport measurements are made on wires embedded in theries resistance of bulk Sn leads and the contact resistance
membrane; the voltage and current leads to the wires areetween the leads and the nanowire arrays for all samples we
made by mechanically squeezing high-put@®.999% bulk  have studied, as we shall show below, were found to be
Sn wires of 0.5 mm diameter onto the two sides of the memnegligibly small at temperatures beloly of bulk Sn. There-
brane. Before the Sn leads were attached, the Au film prefore, any features in the resistance below 3.7 K can be attrib-
evaporated on the membrane for electrodeposition was rered to the nanowires.
moved either under Nprotection atmosphere or with the In a separate measurement, the resistivity of a single
membrane immersed in pure ethanol solution. A schematic 6f0 nm thick Sn wire released from the membrane and at-
our experimental arrangement is shown as an inset of Figached to conducting leads fabricated by an e-beam
2(a) This arrangement is very similar to the technique usedechniqué® was determined to be 7,6Q cm at 5 K just
for transport measurement of superconducting whisk&rs. above the transition temperature. Since the fabrication pro-

104521-2



DISSIPATION IN QUASI-ONE-DIMENSIONAL.. PHYSICAL REVIEW B 71, 104521(2005

cess is identical, it is reasonable to assume this wire has @56x 10* A/cm?. These excitation currents are well below
resistivity value similar to that of the wires still embedded inthe critical current valuél.) of the nanowiregdetails onl,

the membrane. This assumption allows us to estimate thgill be discussed below Since the series bulk Sn leads and
number of wires in a membrane making contact to the bulkhe contact resistance are negligible belGywe are able to
Sn leads from the measured resistance at 5 K. The estimategliow the resistance of the nanowire down to the resolution
numbers pf wires for the 20, 40, 6Q, 70, and 100 nm samplegmit of our measurement system at abotb X 1073 Q with

we used in this study are, respectively, 18, 1, 8, 15, and 53, excitation current of 1.p:A. The onset temperatuf®, of

Bé‘sed on the u_ncertai_nti_es (.)f the Iength f_’md diameter of thﬁanowires, i.e., the temperature at which resistance shows an
wires and possible variation in the resistivity value, the num'abrupt drop, was found to be close to the bulk value at 3.7 K
bers listed above for thg 2.0' 60, 70, and 1(.)0 nm samp_les a5y all wireslwithd>40 nm. A slight increase ifi; to 4.1 K
likely to be correct to within 25%. The estimate of a smglei% found for the thinnest. i é 20 nm wire. It shguld b'e noted
wire for the 40 nm sample, however, must be accurate, as trl) U ' .
stated uncertainties in resistivity and the wire dimensions d at the value off for both the thicker and the 20 nm wires

not allow any conclusion other than that of a single wire. Wwede reproducible to better than 0.1 K for wires fabricated at

note that the data of all the samples display a consistent trerfijfférent times. indeed all the key experimental features re-
with decreasing wire diameter. ported in this paper have been checked for their reproduc-

In Fig. 2a), the solid line shows th&(T) curve of a ipility with muIti_pIe ;amples. The behavior of, of our
20 nm Sn wire array18 wires with length of 3Qum), fab- single-crystal wires is different from that of granular wires
ricated with home-made AAM, from room temperature downand amorphous wires fabricated by an evaporation tech-
to 0.47 K. The dashed line shows that of the 100 nm Srique. In granular wiréé*®and granular films? the super-
wires (53 wires in the array with length of Gm), fabricated ~ conducting transition temperatufg is generally found to be
with PCM. The resistance of the 100 nm wires is normalizedhigher than that of bulkT,, but insensitive to the cross-
to the value of the 20 nm wires at 5 K by a multiplicative sectional area of wires. On the other hafiglof amorphous
factor of 230. TheR(T) curves of these two samples show Wires was found to be significantly suppressed with decreas-
metallic behavior from room temperature downTiowith a  iNg wire cross-sectional area. The enhancement.dbund
room temperature to 5 K residual resistance r@R&R) of  in the 20 nm single-crystal Sn wires may have the same ori-
9.5+0.5. This means, as we have indicated above, that o@n of that of granular films and that of granular wires. One
squeezing technique has broken through the oxide layers am@ssible origin is that this is an effect of the increased sur-
that we have established direct ohmic contact between bulface area, which may enhance surface electron-phonon scat-
Sn and the nanowires. Since pressures are required to malk¥nNg effectstt
good, i.e., oxide barrier free, contacts, one may be concerned The resistance of wires with diameters larger than 70 nm
that this technique in establishing contact may induce defectdOps precipitously to zero within 0.2 K df, but the tran-
in the nanowires. The similarity of thR versusT curves Sition of 60-nm wires broadens and begins to show a residual
shown in Fig. 2a) suggests this is not the case. The RRRs of'€sistance extending down to 3.0 K with the resistance fall-
the 20 nm wires fabricated in AAM and the 100 nm wiresing below 10°Q, the resolution of our measurement. In
fabricated in PCM are found to be nearly identical, in spitewires of 40 and 20 nm, a clear functional dependence of the
of the fact that the Young’s modulus of AAM at 122 GPis residual resistance on temperature is found. Specifically,
nearly 50 times larger than that of PC¥IIt appears the When the logarithm of the resistance is plotted versus tem-
membranes are effective in protecting the structural integritperature, two distinct linear sections are found. A high-
of the nanowires inside the pores. The RRR of our singlelemperature linear section is found immediately befow
crystal wires at 9.5+0.5 is 4 to 5 times larger than p0|ycrySAnother linear section extends from just a few tenths of a
talline Zn and Au wires of comparable diameter fabricateddegree belowr; down to the lowest temperature of measure-
and measured with similar techniques. A RRR ratio of 9,ment at 0.47 K. The broadening of the transition néam
however is an order of magnitude smaller than those of inthin whiskeré??3and In nanowireshas been observed and
dium, tin, and lead whiskef510 There are a number of pos- Was interpreted as a consequence of a TAPS prétéde
sible reasons for the reduced RRR. These include the intrinfAPS model predicts a dissipative resistarResps that
sic limitation of the crystal quality of the wires in the Scales as @7%s’, with AF=(812/3)(Hz/8m)Aé being the
fabrication procesglike twin boundaries observed in TEM free energy barrier, andd;, & A, and kg being the
studie$, enhanced surface scattering due to the small diamtemperature-dependent critical field of bulk sample, phase
eter of the wires and strains in the wires induced by differ-coherence length, cross-sectional area of the 1D wire, and
ential thermal contraction between the wires and the memthe Boltzmann constant, respectively. Sintk goes as
brane upon cooling. (T,-T), and £~ (T.—T)"¥? near T, the energy barrier

Figure Zb) shows the as-measured resistance of the buldF ~ (T.~T)*¥2 This means the terreF*sT drops off very
Sn/Sn-nanowires/bulk Sn system as a function of temperaapidly when the temperature is decreased flfiynThere-
ture for wires of different diameters. The excitation dc cur-fore, the TAPS model is expected to be relevant only at tem-
rents used for 20, 40, and 60 nm wire arrays aregA)  perature very close t@.. The exponential residual resistance
while those for 70 and 100 nm thick wire arrays arenear T, as shown in Fig. @) for 20, 40, and 60 nm, is
10.0 wA. The current densities in 20, 40, 60, 70, and 100 nmconsistent with these earlier experiments.
samples are estimated to be, respectivelyx118* A/cm?, The second low-temperature exponential residual resis-
8.0x 10* A/lcm?, 0.44x 10 A/lcm?, 1.7x10* A/lcm? and tance that extends over a wide range of temperature down to
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more clearly displayed in the log-log scdleanels d, e, and
f). The 70 nm wiregpanel d at any temperatures df<T,
show exactly zero voltage when the excitation current is be-
low a certain temperature-dependent critical vdluén con-
trast, the 20 nm nanowire arrgyanel §, even at low current
limit, never shows zero voltage at all temperatures. VHe
curves are parallel to each other in the current range
| <2 uA 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 limil <2 uA) in the thinner wires
shown in Fig. 2b) is ohmic in nature, not only nedr., but
: 7 also at temperatures well below tfig. Similar low-current
901 o 34 P B ;i 107 ohmic resistance behavior was also found in the 40 nm indi-
—e—30 . - . .
60 o o5 . ] vidual wire, but the measured voltage becomes vanishingly
a0l ™05 - 05K e f} {10° 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
c 10 20 30 10" 10° 10’ 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 ohmi¢223This is a consequence
that in the TAPS model, the residual resistance results from
an activated phase slip process over an energy barrier. Our
|-V measurements here show that this is in fact the case for
the residual resistance farnearT.. 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-
12 ] 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 pégels
FIG. 3. V-I curves of(a) 70, (b) 40, and(c) 20 nm Sn nanowire  4nq (f), the measured voltage first shows an upward devia-
arrays measured at different temperatures in linear scale. Rdnels tion and then jumps up sharply with current. The value of the
(€), and(f) show log-log plots ok versusl. These plots show more o, rent at the initial point of the voltage jump in thel
clearly the data in the low current limit. curve is defined as the initial critical curremg, They

0.47 K cannot be understood in the framework of the TAPSAre, respectively, about 9.5 and 1B at 0.47 K for 20
model. A similar exponential decay in resistance down toand 40 nm wires, which corresponds to current densjties
low temperature was found by Giorddria granular indium ~ of 1.8X10° A/cm? and 8.8<10° A/cm?. These values
wire of 41 nm in diameter, fabricated from evaporated Inare about 1-2 orders smaller than that for bulk 2Sn:
film with step-edge lithographic techniq&é® In Giordano’s ~ j.~2.3X 10" A/cm?. As shown in pane(f), there is a mini-
experiment, the low-temperature exponential decay in resignum in voltage just below thé,, in the 20-nm wires for
tance is found to extend froM,=3.4 K down to 2.7 K, the temperature below 1.0 K. We do not understand the mecha-
lowest temperature of his experiment. Giordano proposed aism of this interesting behavior.
phenomenological QPS model to explain his results. The fi- TheV-I curves of 20, 40 and 70 nm wires in high excita-
nite exponentially decaying in resistance is proposed to retion current are more clearly displayed in linear scafem-
sult from quantum fluctuation-induced tunneling through arels a, b, and c in Fig.)3The behavior found for the 70 nm
energy barriedF, resulting in a resistand@qyps of the form  wires is again qualitatively different from that of 20 and
e 2FeUh with 75, and# being the Ginzburg-Laudau relax- 40 nm wires. The/-I curves for 20 and 40 nm wires showed
ation time and Planck’s constant, respectively. The solid lines series of voltage steps in approaching the normal state over
tracing the measured resistance of the 20, 40, and 60 nthe entire temperature range ®K T.. The current value at
below T, shown in Fig. 2b), are fits of the form which the wires are driven to normal state is defined as the
Riotal= Rrpast RQPS26 The Rrapsand Ryps respectively, de-  upper critical current . These voltage steps betweég
note the contribution of resistances from TAPS process neandl:” are reproducible irrespective of whether the current is
T, and QPS process at temperature belpwThe fact that swept up or down. However, the steps are not found in the
we are able to fit to the data well with four free parameters70 nm wires forT <2.4 K, instead, upon reaching a certain
over the full temperature range lends support to the proposaxcitation current, the voltage fluctuates between zero in the
of Giordano of a QPS process. superconducting state and a finite value in the normal state.
In order to further understand these interesting transport/pon further increase of the excitation current, the measured
properties in thin single-crystal Sn nanowires, ¥ char-  voltage stabilized in the normal state. There are no two dis-
acteristics were measured at different temperatures. The rénct critical currents for 70 nm wires as in 20 and 40 nm
sults of 70, 40 and 20 nm Sn wires are shown in Fig. 3. Wewires at temperature below 2.4 K. A likely explanation of
shall first explain our results in the low excitation currentthis fluctuation behavior is that when one or more of the
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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 Yhé 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. NeaF; the superconducting co- 1(uA)
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 limif
over the whole temperature range. It is noteworthy that the
exponential residual resistances, measured under low excitelectrodepositing Sn into porous polycarbonate membranes.
tion current as shown in Fig.(8), are also seen in 40 and Through a clever experimental configuration, a single Sn
20 nm wires, but not in wires thicker than 60 nm. wire of 50 um in length and 55 nm in diameter was claimed
The voltage steps seen in Sn nanowires are reminiscent &6 be measured with Au leads. Their results showed two
those observed previously in Sn whiskér?8but the steps  voltage steps in th¥-I curve under constant current-driving
in whiskers can be seen only in a very narrow temperaturégnode. Michotteet al 3233 proposed a model using the gener-
region (AT~0.1 K) below T.. These steps were interpreted alized time-dependent Ginzburg-Landau equation. The
as a consequence of spatially localized “weak spots” otheory indicated that the competition between two relaxation
phase slip center§PSC3.2%%° These “weak spots” are times(relaxation time of the absolute value of the order pa-
thought to be related to the local defects or imperfections irametern,, and relaxation time of the phase of the parameter
the whisker that support a smaller local critical current.n in the PSQ governs the phase slip proce€s., 7y
When the excitation current exceeds the local critical current 7),,). They discussed the effect of magnetic field and de-
of a specific PSC, a step in the whisker is created. The spatifécts on both relaxation times angl curve. An important
extent of the PSC is given by the quasiparticle diffusionconclusion of their model is that under a magnetic field that
length A, due to the conversion of normal electrons into exceeds a critical valuegH"), the voltage jumpsPSC$ dis-
Cooper pairs near the PSC. It is typically on the order of aappear in thé/-I curve. The reason is that the magnetic field
few micrometers in length. The number of voltage steps irsuppresses the order paramétgreverywhere in the sample,
V-I curves was found to scale with the length of theleading to an increase ofq~1/\s“m, and hence there is a
whisker/ and a hysteresis loop M-I curve at each voltage lack of space for the coexistence of two PSCs in the wire.
step was expectetl. When applying a magnetic fieltH)  The model also predicts that there will be no hysteresis near
aligned parallel to the wire, the number of PSCs is expectethe voltage steps when the defects in the wire are sufficiently
to increase with increasing. This is because the quasipar- “strong.” TheV-1 characteristics of our Sn wires as shown in
ticle diffusion lengthA,, according to the Skocpol-Beasley- Fig. 3 exhibit features that are similar to the experiments of
Tinkham (SBT) model?®*is predicted to decrease with in- Michotte et al. and consistent with their proposed model.
creasingH; thus, more PSCs can “fit” along the length of the Namely, we do not find evidence of hysteresis at voltage
whisker. Our results show several features that are differerdteps ofv-I curves under constant current-driving mode, and
from those found in whiskers and cannot be explained by thé¢he number of voltage steps decreases with the increase of
SBT modeP®3The first is the number of steps we found in magnetic field. However, there are also differences between
the 40 and 20 nm wires. Since these wires were fabricatedur data and that of Michottet al. The length of the Sn wire
with identical procedures, they should be similar in terms ofin Michotte’s experiment is 5gm, which is more than eight
crystallinity and imperfection. If the line density of the weak times longer than our individual 40 nm Sn wire ofufin.
spots is similar, then the 20 nm wire array with 18 wires of Michotte et al. observed two voltage steps in thel curve
30 um in length should have 90 times more PSCs than thatinder constant current-driving mode and the spatial extent of
in the single 40 nm wire of @um in length. Instead, Fig. 3 one PSC in their Sn wire was estimated to be around
shows a comparable number of sharp steps. Secondly, we di) xm .12 This length is almost seven times longer than the
not observe the hysteresis in thlel curves near the voltage total length of our single Sn wire of 40 nm in diameter. Fig-
steps. Thirdly, the step number was found to decrease withres 3b) and 3e) showed at least six voltage ste(RSC$ in
increasing the magnetic field. Figure 4 shows¥hkecurves  our individual 40 nm Sn wire of Gum in length. As noted
of 20-nm Sn wires, measured at 2.5 K under different magabove, it is also puzzling that the step number in thé
netic fields. When the magnetic field is increased beyond gurves is insensitive to the length and the number of the
certain value(3.0 kOg¢, the multiple voltage steps merge wires in the array. Our 20 nm wire array with 18 wires of
into two and then into a single step ldt=6.0 kOe. 30 um in length, as expected, should fit much more PSCs
Recently, Michotteet al?3233investigated the/-1 char-  along the length than the single 40 nm wire. We do not un-
acteristics of polycrystalline Sn nanowires, fabricated byderstand these differences. One possibility might be that our

V{mV)

FIG. 4. V-1 curves of 20 nm Sn wires measured at 2.5 K and
ifferent magnetic fields aligned parallel to the wires.
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20 " Zomm governed by TAPS or QPS processes. This regime is sepa-
1 OO rated from the normal state by a regime characterized by
16 O~ ormal multiple voltage steps, in which the nanowires are driven
A12'_ step regime \o\ into current-induced inhomogeneou§ strong dissipation st_ate.
LT H oo oo 5 Ir_1 summary, we fo_und the e!ectrlcal transport properties
= gL "\0\. \ of single-crystal Sn wires with diameters of equal and below
I e 40 nm to be distinctly different from those of thicker wires.
ab TAPS and QPS \O\O T, This suggests Sn wires with diameters less than 40 nm,
s 01 which is 5 times smaller than the phase coherence length,
o——————3% 1 reach tr_\e 1D limit. Tr_\e 1D yvire_s show evidence of quantum
T(K) fluctuation induced dissipation in the low temperature regime
under low excitation current. When the excitation current
FIG. 5. 1T plot for 20 nm Sn wires. exceeds a critical value, the-1 curves show a series of

, ) ) discrete steps in approaching the normal state, which can be
wire has a single crystalline morphology as compared to th%]ualitatively understood by the recently proposed PSC
polycrystalline samples used in Michotte’s experiment. model.

Figure 3 shows differenV-I behavior in 20 and 40 nm
wires for excitation currents below and above the initial criti-
ca_l_currentlco. When 'Fhe current is higher than the upper ACKNOWLEDGMENTS
critical valuel¢P, the wires become completely normal. Fig-
ure 5 shows a plot dfy, and!’ as a function of temperature ~ We acknowledge fruitful discussions with V. Crespi, N.
showing two regimes with different dissipation processes. AGiordano, J. Han, J. Jain, P. A. Lee, P. Schiffer, M. Tinkham,
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