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Superconductivity in single crystalline Pb nanowires contacted by normal metal electrodes
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The transport properties of superconducting single crystal Pb nanowires that are 55 and 70 nm in diameter
were studied by the standard four-electrode method. With normal metal electrodes, resistance-temperature and
resistance-magnetic field scans show a series of resistance steps with increasing temperature and magnetic field
as the wires are brought toward the normal state. The resistance-current (R-1) scans at different temperatures
and magnetic fields show that the increase in R with [ is punctuated with sharp steps at specific current values. A
large residual resistance is observed down to 2 K. The origin of these phenomena is related to the inhomogeneity

and proximity effect from the normal electrodes.
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I. INTRODUCTION

The study of superconductivity in nanowires and quasi-one-
dimensional nanostructures is driven both by open questions
in these systems and by their potential applications in dissi-
pationless electronic devices.!"'® Low-dimensional Pb nanos-
tructures have been extensively studied for decades.”™!? 1618
In addition, amorphous and granular nanowires of Pb and
other superconducting materials have been studied."'’~?! In
the last few years, a number of experiments have studied the
properties of single crystal superconducting nanowires with a
diameter of less than 100 nm.'>'%?2-2% An overarching theme
of these studies is to understand how superconductivity in
these wires is suppressed with decreasing diameter. It has been
generally accepted that when the diameter of the nanowires
is reduced toward and below the Ginzburg-Landau phase
coherence length and the magnetic penetration depth,? the
superconductivity is suppressed via thermally activated phase
slip?%-2% and quantum phase slip processes.>>2%30

The transport properties of a superconducting nanowire
(and indeed any nanowire) are expected to be strongly
influenced by the electrodes contacting the wire. The electrode
effect on crystalline nanowries has recently been systemati-
cally studied. When contacted by superconducting electrodes,
normal (Au)® and magnetic (Co and Ni)*' nanowires acquire
superconductivity via the proximity effect. A counterintuitive
phenomenon known as the antiproximity was also observed,
where the superconductivity of thin Zn and Al nanowires
was suppressed or weakened when they were contacted by
superconducting electrodes.'*?*3? Surprisingly, the effect of
normal electrodes on single crystal superconducting nanowires
has not been systematically studied by standard four-probe
transport measurements.

In this paper, we report on such a study of individual
single crystal superconducting Pb nanowires of 55 and 70 nm
in diameter contacted by four normal Pt electrodes. The
diameters of these wires are on the order of the coherence
lengths of Pb. Interestingly, resistance-temperature (R-T),
resistance-magnetic field (R-H), and resistance-current (R-1)
scans all show a series of resistance steps with increasing tem-
perature, magnetic field, and excitation current, respectively, as
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the wires are brought toward the normal state. A large residual
resistance is also observed. We attribute these observations to
the weakening of superconductivity in the Pb nanowires by the
normal Pt electrodes.

II. RESULTS AND DISCUSSION

The Pb nanowires used in this work were electrodeposited
in commercially available track-etched porous polycarbonate
membranes that are coated with Au on one side.'’ The
electrolyte Pb(NH,SO3), was prepared by reacting lead car-
bonate (PbCO3) with excess sulfamic acid solution in purified
H,O (resistivity > 18M € cm). The transmission electron
microscopy (TEM) and selected area electron diffraction study
showed that the Pb nanowires were single crystalline (Fig. 1).
A 3- to 4-nm-thick oxide shell surrounding the nanowires
was observed, which plays a role in protecting the nanowires
from getting damaged during the attachment of the electrodes.
Electrical contact to an individual Pb nanowire was made by
the following procedure. A drop of the nanowire suspension
solution is placed on a silicon substrate with a 1-um-thick
SizNy insulating layer. The sample is then transferred into a
focused ion beam (FIB) etching and deposition system (FEI
Quanta 200 3D). Four FIB-assisted Pt strips are deposited onto
and make ohmic contact to the Pb nanowire. The deposition
current is set to be less than 10 pA to minimize any damage
to the nanowire. A scanning electron micrograph (SEM) of
the 55-nm Pb wire contacted in this manner is shown in the
inset of Fig. 2(a). Transport measurements are carried out in
a physical property measurement system cryostat (Quantum
Design).

Figure 2 shows the temperature dependence of the elec-
tronic transport for the 55- and 70-nm-diameter nanowires.
The distances between two inner edges of the two voltage
(V) electrodes of the 70- and 55-nm samples were 1.9 and
3.7 pm, respectively. Figure 2(a) shows the R-T curve of a
55-nm wire measured with an excitation current of 50 nA
from 1.8 to 300 K at zero magnetic field. The temperature
dependence of the resistivities (p) of the two wires near
and below the superconducting transition temperature (7¢)
of Pb at different magnetic fields are shown more clearly
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FIG. 1. TEM image of a typical Pb nanowire. The inset shows
the [110] zone pattern from the same wire.

in Figs. 2(b) and 2(c). The excitation current employed in
these measurements is 500 nA. The magnetic field was aligned
perpendicular to the nanowires. Two obvious resistance drops
at 7.0 and 4.9 K are seen in the R-T dependence of the 55-nm
wire [Fig. 2(b)]. For the first step, the resistance decreases by
14% of the normal state value between 6.5 and 7.0 K. The
resistance drop at the second step at 4.9 K is more gradual.
Both steps move to low temperature with increasing field.
The wire is normal at an applied field of 20 kOe at 2 K.
The p-T curves of 70-nm nanowire [Fig. 2(c)] show three
steps at 6.98, 5.90, and 4.67 K. It is reasonable to attribute
the resistance drops near 7.0 K found for both wires to the
“intrinsic” superconducting transition of the Pb nanowires,
because the T¢ of bulk Pb is 7.2 K. What, then, is the origin
of the resistance steps well below T¢-? According to the TEM
images, the nanowire is single crystal and homogeneous. But
when the Pt electrodes are deposited onto the nanowires, the
FIB fabrication process may introduce inhomogeneity in the
contact region. For example, the wire in the contact region
may become thinner and contaminated by Ga atoms. The
characteristic range of the inhomogeneity region is found to
be on the order of ~190 nm in our samples.**> This number is
reasonable given that the width of the Pt electrodes is on the
scale of ~190 nm.

Regular resistance steps in R vs T curves were reported
in microscale Sn whiskers (1 um x 1 um x 1 mm) contacted
with multiple normal Cu electrodes spaced out along the
whisker with the distance between neighboring electrodes
ranging from 1.5 to 10.5 um.** By making measurements
across different electrodes, the authors were able to identify
each resistance step as the superconducting transition of a
specific section of the whisker. They found the average domain
length contributing to each step to be 20900 nm. The observed
steps are attributed to the effect of the normal metal electrodes
on the superconductor.’* The resistance steps found here at
temperatures well below 7 K may have the same origin as that
found in Ref. 34. However, in our situation, a finite resistance
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FIG. 2. (Color online) (a) Resistance vs temperature of 55-nm Pb
nanowires in the wide temperature range. Inset is the SEM image of
the four-electrode measurement. (b) and (c) Resistivity vs temperature
of 55- and 70-nm Pb nanowires near and below the 7 in different
magnetic fields.

of 20% and 30% of the normal state resistance is found down
to 2 K. This is unlikely to be due to the inhomogeneity in the
wire, because the inhomogeneity extends only ~190 nm out
of a total length of 1.9 and 3.7 um.

The normal Pt electrodes are expected to have a “reversed”
proximity effect on the superconducting Pb nanowires. This
effect weakens the superconductivity of the Pb nanowires and
may account for the residual resistance at temperatures well
below T¢ of Pb. If the residual resistance is indeed due to
this “reversed” proximity effect, the range of this effect can
be estimated to be ~180 and ~550 nm for the 70- and 55-nm
nanowires, respectively. This range is consistent with the range
of the regular proximity effect induced by superconducting
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FIG. 3. (Color online) Resistance vs magnetic field of 55- and
70-nm Pb nanowires at different temperatures.

electrodes on a normal nanowire.? The resistivities of the 70-
and 55-nm Pb nanowires at room temperature are 26 x 107°
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and 94 x 107% Q cm, respectively. These numbers are on the
same order as the resistivity of bulk Pb (21.3 x 107% € cm).
The larger p of the thinner wire is probably the effect of
enhanced surface scattering. In our four-probe measurement
configuration, the contact resistance can be neglected.

Figure 3 shows the resistance of the Pb nanowires as a
function of the magnetic field perpendicular to the nanowires
at different temperatures. The excitation current is 500 nA
for the 55-nm wire and 1 pA for the 70-nm wire. Sharp and
well-defined resistance steps are found in R vs H scans at low
temperature [Figs. 3(a) and 3(b)]. The first step was found near
10 kOe for the 55-nm wire and 7.2 kOe for the 70-nm wire. The
magnitudes of the resistance steps in the R-H scans at different
temperatures are consistent with the steps found in the R-T
scans at different field values. Substantial residual resistances
near zero field at low temperature are clearly displayed. The
fields at which the two wires are driven into the normal state
are almost same (21 kOe) but much larger than that of the bulk
Pb (0.803 kOe at zero temperature and 0.74 kOe at 2.0 K). This
enhancement in the critical field is a well-studied phenomenon
in nanoscale superconductors.® With increasing temperature,
the critical field decreases and the steps become less well
defined and rounded.

The R-I curves of the two Pb nanowires measured at
different temperatures under zero field are shown in Figs. 4(a)
and 4(c); the measurements under different perpendicular
magnetic fields at 2 K are shown in Figs. 4(b) and 4(d). The
corresponding V-1 scans at zero field at different temperatures
and the V-I scans at different fields at 2 K of the 70-nm
wire are shown in Figs. 4(e) and 4(f), respectively. Similar
dependences on the excitation current are found in the two
wires. The increase in R and V' with increasing [ is punctuated
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FIG. 4. (Color online) Resistance vs current of 55- and 70-nm Pb nanowires (a) and (c) at different temperatures and (b) and (d) in different
magnetic fields. Voltage vs current curves of 70-nm Pb nanowires (e) at different temperatures and (f) in different magnetic fields.
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by sharp steps. Figure 4(d) shows that the resistance of 70-nm
wire at 2 K reaches almost zero in the low current limit of our
measurement at 50 nA, but the 55-nm sample [in Fig. 4(b)]
shows a residual resistance of ~102 . Unfortunately, we
were limited by our equipment and measurement noise from
extending the measurement to lower current and temperature.
The normal state resistance of 180 2 of the 70-nm wire
at 2 K and zero field is reached with stepwise increase in
resistance at 50 nA and 5.40, 9.47, 13.00, and 25.47 uA.
At higher temperatures, the first step is no longer found
and the other steps move to lower current values. Under
a field of 2.5 kOe at 2 K, the resistance steps also move
to lower current values [Fig. 4(d)]. Similar dependence of
these “critical” current-like resistance steps on temperature
and magnetic field have been reported in superconducting
whiskers,*=7 microbridges,*® and nanowires.!*?3:3#! The
observed V-1 steps are reminiscent of phase slip center (PSC)
behavior. However, there are some differences between the
conventional PSCs and our observations. In experiments that
display standard PSC behavior, a true zero resistance state is
found below a certain threshold bias current. With increasing
current, the resistance increases with uniform steps above this
threshold current. In our situation, the resistance steps are not
uniform, and in the case of the 55-nm wire, a large residual
resistance is found even at the lowest excitation current. The
residual resistance, as explained earlier, is a consequence of
the “reverse” proximity effect. The nonuniformity of the steps
might be a consequence of the inhomogeneity introduced in the
Pb wires during FIB-assisted deposition of the Pt electrodes.
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The inhomogeneity introduced by the electrodes may not have
played an important role in the earlier studies of PSCs, because
the length of the wires was relatively long or the electrode
deposition process was less invasive.

III. CONCLUSIONS

Single crystal Pb nanowires of two diameters were fab-
ricated by electrochemical deposition. R-T, R-H, and R-I
curves measured by a standard four-probe configuration
showed a series of resistance steps with increasing temper-
ature, magnetic field, and excitation current, respectively.
Residual resistances were also observed under 7. We attribute
these phenomena to the inhomogeneity and proximity effect
introduced by the normal metal (Pt) electrodes.
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