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Arrays of granular superconducting Pb and Sn nanow#6s-55 nm in diameter and 22 or %0n

long) have been prepared by electrodeposition in nanoporous membranes. A simple technique has
been developed to perform electrical transport measurement on a single nanowire. By sweeping the
dc current inside the nanowire, we observed the formation of phase-slip-centers far below the
critical temperature. In contrast, in voltage-driven experiments, an interesting S-shaped behavior has
been observed in the nucleation region of these phase-slip-center200® American Institute of
Physics. [DOI: 10.1063/1.1582356

It has been known for a few decades that a critical curAgCl reference electrode was used in a three-electrode con-
rentl. only perturbs, not suppresses, superconductivity in diguration in order to reduce the Pbor Sr#* ions into the
sample of low dimensionality. Instead of depinning the vor-pores. As can be seen on nanowires prepared from the same
tex array(as for a type-ll bulk superconducjoand finally = membrane and under the same conditidRey. 1), the
turning the sample normal, this current induces a nonequilibnanowires are cylindrical and the diameter is uniform along
rium phenomenon and leads to the successive nucleation tieir length.
phase-slip-centerd®SC3 arising from Josephson-like pulsa- In order to perform electrical transport measurements on
tions. This behavior was first observed with conventional@ single nanowire, a self-contacting technique has been de-
superconductors in the form of whisk&for microbridges, ~ veloped[Fig. 2@)]. In addition to the thick gold cathode-1
but it is also present, for example, in thin films of conven-#m) from which the nanowires start to grow up inside the
tional superconductors or high-temperaturemembrane, another thin gold lay@n the range of 50 to 200
superconductorsand thus it always generates a lot of inter- NM) was deposited on the other side exposed to the electro-
est. The simplest geometry to study these PSCs is a onéte prior to electrodeposition. This contacting layer covers
dimensional(1D) superconductor having a diameter smallerthe surface, but, contrary to the cathode, it is not thick
than the coherence length, which is thus too narrow to acnough to plug the pores. As for these small pore diameters
commodate a single vortex and where these PSCs can fg¢ nanowires do not grow at the same speed, the first emerg-
viewed as the substitute to the vortex flow process. Howevetd nanowire interrupts the growth of the others by favoring
the previous studies on whiskers and microbridges in this 11€ formation of a film of the deposited material on this
regime did not allow observation of PSCs far beldwbe- ~ contacting layer. This electrodeposited film also presents the
cause the increased power dissipation produces local heating.

For T—-T.=0.1 K, the PSC nucleation was hidden by fully )

normal spreading hot-spotseven when a weak spot was
deliberately introduced to depreks, which lowers the heat |
dissipatior In contrast, our nanowire system presents the
advantage to remain in this 1D regime even far belfw
and the heating level is sufficiently low to allow the obser-
vation of these PSCs. k

The superconducting nanowires were prepared by elec’
trodeposition into the nanopores of homemade track-etche(
polycarbonate membranésor the lead nanowires, a 22-
um-thick membrandwith pore diameter~40 nm and pore
density~4x10° cm™2) and an aqueous solution of 40.4 g/l
Pb(BFR,),, 33.6 g/l HBF,, and 15 g/l HBO; were used:® In
the case of tin nanowires, a 2m-thick membrangwith
pore diameter~55 nm and pore density-2Xx10° cm™?)
and an electrolyte of 41.8 g/l Sn(BF in water solution
were used. A constant potential ef0.5 V versus an Ag/

FIG. 1. Scanning electron microscopy-field emission 8BRM-FEGQ mi-
crograph of lead nanowires after dissolution of the hosting polycarbonate
¥Electronic mail: michotte@pcpm.ucl.ac.be membrane with dichloromethane.

0003-6951/2003/82(23)/4119/3/$20.00 4119 © 2003 American Institute of Physics

Downloaded 23 Sep 2013 to 141.161.91.14. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



4120 Appl. Phys. Lett., Vol. 82, No. 23, 9 June 2003 Michotte, Matéfi-Tempfli, and Piraux

Pb

300 -

FIG. 2. (a) Schematic drawing of the
Sn sample illustrating the self-contacting
techniqgue and SEM-FEG micrographs
of the membrane and the gold contact-
ing layer. (b) R(T) of a Pb nanowire
(40 nm in diameter, 22um long and

of a Sn nanowirg55 nm in diameter,
100 - 50 um long) measured with a lock-in
amplifier by applying a small current
of 0.1 uA.
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advantage of perfect encapsulation of the nanowire inside theuccessive appearance of two PSCs at low temperédige
membrane, insuring protection against oxidation. atl =50 and 63uA, respectively, al =4.3 K). According to

All the transport measurements were done in an electrothe phenomenological Skocpol-Beasley—TinkhdB®BT)
magnetically shielded environment. Our cryostat was admodel® on time average, 65% of total current is supercon-
equately grounded and filtered. Low-noise triax connectors
and cables were used as well as Keithley sources and volt s 1
meters. The low-temperature resistance of a 40-nm Pb nang
wire (22 um long) and a 55-nm Sn nanowif&0 um long) is
shown in Fig. Zb). The critical temperature is not far from 25
its bulk value: 7.2 K for lead and 3.7 K for tin. From the
numerous measurements performed both on Pb and on S
nanowires, it appears that only small depressiong.ofiere
observed. In addition, a superconducting transition was
found to occur when the residual resistivity ratio RRR is
larger than about 2, while for smaller RRR values, an insu- 5|
lating behavior is observed. Therefore, our nanowires are in
the granular limit and moreover are moderately disordered:
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in the present study, the RRR of the samples was larger thai Sample Current (HA)
10. Structural characterization of the Pb nanowires using
transmission-electron-microscogff EM) experiments con- 157

firms also this granular characterin this context, the
T-independent resistance far beldw could be a signature
of the metallic part of the superconductor—metal—insulator
(S—M-J) transitiort® although the contribution from the con-
tact resistance can hardly be subtracted. Moreover, in granu
lar superconductors, disorder favors quantum fluctuations ol £
the phase of the order parameter, rather than suppression ¢
the amplitude of this order parameter. This is why only small
depressions of . were observed.

In Fig. 3, the dc voltage—current characteristics of the Pb o
and Sn nanowires are reported, applying either a dc curren
or a dc voltage. In the two types of experiments, no hyster-
esis was observed. These measurements were also perfornfé@. 3. Voltage—current characteristics at different temperaturés) af Pb
with reversed polarity, without any change in the results. [n'anowire(40 nm in diameter, 2:m long and(b) a Sn nanowiré55 nm in

. . . . diameter, 50um long. Open arrow, the dc voltage measured versus the

the current-driven experiment, which is the one usua”y perépplied dc currenfl-drive). Filled arrow, the dc current through the nano-
formed, we observe for the Pb nanowire in Figa)3the  wire versus the applied dc voltag¥/{drive).
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ducting inside a PSC. The size of the first PSC can then bhigh density of nanoporeg$see Fig. 2a)]. These other
estimated from the ratio of the first voltage jump to the totalnanowires are not contacted electrically to the contacting
corresponding normal voltage for a 2&n-long nanowire. layer, but they also contribute to heat transfer in the compos-
The value thus estimatdd8 um) is reasonable because it is ite material due to their large thermal conductivity. The
twice the quasiparticle’s diffusion length, which is typically bending of the curve seen for the largest currents of K. 3
of the order of 10um in such a superconductor. Despite theis a signature of heating effects in the measurements of the
fact that successive PSCs tend to avoid those already iRb nanowire. It should, however, be emphasized that this
place, the second PSC created in this Pb nanowire is thueffect is almost negligible in the experiment involving the Sn
forced to interpenetrate the first one, which explains why thenanowire[Fig. 3(b)], likely due to a smaller contact resis-
second jump in resistance is smaller. The current-driven extance and/or better heat evacuation. As a consequence, al-
periment on the 5@sm-long Sn nanowire in Fig.(®) also  though the exact shape of the reported S-behavior for the Pb
shows the formation a PSC at low temperature, but for thisyanowire is probably slightly modified due to the tempera-
particular material, the PSC extension is larga&mound 40 ture increase, the heating effects do not throw the S-shaped
um) and the formation of a second PSC almost coincidedehavior into question.
with the transition to the normal state. In conclusion, we have developed a simple method to
Interesting features were observed when measuring ielectrically contact single nanowires such as Pb and Sn. This
the opposite way, that is, applying the voltage and measurintechnique allows us to probe the nonequilibrium properties
the current. Here, the current flowing into the nanowire waf such 1D superconductors and in particular to observe the
determined by measuring the voltage across(aresistance formation of PSCs at temperatures much below the critical
added in series, and the voltage developed across the sampégnperature. Moreover, we observed an unusual behavior
was measured separately. In this voltage-driven experimemiyhen a voltage is applied to such nanowires, which still re-
an interesting S-shaped behavior occurs at low temperatuiuires theoretical explanation.
in the formation region of these PSCs, both for the Pb and ) .
the Sn nanowiregsee Figs. &) and 3b)]. Although there We thank the “Laboratoire des Hauts Polyreg” of the
have been some theoretical predictions showing such/CL for providing the polycarbonate membrane samples
S-shaped behavidt,a detailed understanding of this behay- Used in this study. One of the authdfs M, is a Research
ior is still lacking. Therefore, we are restricted to pointing Fellow of the National Fund for Scientific ResealéiNRS
out some interesting experimental observations, at the lowe&§€!9ium. This work has been partly supported by the Belgian
measured temperatur@s., at 1.7 and 4.3 K for Pb and 1.55 Interuniversity Attractlor] Pole P.rogralfrPAI-IL.JAP P5/1/3
K for Sn), where the nature of the contagtormal in this and by the “Communautéranaise de Belgique” through
cas¢ becomes unimportant due to the Andreev reflectiont’® Program “Actions de Recherches Conoesté
process? At the first maximum in current, the voltage ob-
tained by subtracting the line&#V part due to the residual *W. W. Webb and R. J. Warburton, Phys. Rev. L@, 461(1968.
resistance from the measured ofsee Fig. 3 corresponds z\JN ’\jeiéek' a”dIGMV%” ’I‘B’”””ilgemded 'F\’AhyTS,- I';E“%J52L9(19T73- o
closely to the value of the gap (=~1.35 mV for Pb and 145('197?;’)0’ - R. Beasley, and M. Tinkham, J. Low Temp. Plgs.
~0.56 mV for Sn. This tends to indicate that in this voltage- 43 p. Maneval, F. Boyer, Kh. Harrabi and F.-R. Ladan, J. Supercbfd.
driven experiment, Cooper pairs are sped up until they reacrg347 (2003. .
the depairing velocity y=A/(%kg). The nanowire then rglJ(-lz';gcl’o" M. R. Beasley, and M. Tinkham, J. Low Temp. PBgs.
reached progressively, through the negative differential resiss, Kadin, W. J. Skocpol, and M. Tinkham, J. Low Temp. P58, 481
tance branch of the curve, the state corresponding to the(197s.
PSC-like one in the current-driven experiment. "See, for example, E. Ferain and R. Legras, Nucl. Instrum. Methods Phys.
tshould be noted that heating effects are unavoidable in 23 Bk 7S S s e, L
such experiments. Indeed, the heat produced by Joule heatres 14 665 (1999.
ing in the PSC has to be evacuated mostly through the medi&s. michotte, L. Piraux, S. Dubois, F. Pailloux, G. Stenuit, and J. Govaerts,
surrounding the measured nanowire. Although the thermagloihxﬁicgnige??éiogié Fo7 636 (1994
cond_uc;ﬂw_ty of polycarbona_lte is rather low, _th_e surroundmgnJ.'R.'Tucker and B. I?’Halperin" Phys. Rev"383768(197]).
media is, in fact, a composite material consisting not only ofizp N Langenberg and A. I. LarkinNonequilibriumsuperconductivity
the polymer medium, but also of metal nanowires, due to the (North-Holland, Amsterdam, 1986p. 29.
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