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ABSTRACT

Superconducting Proximity Effect in Single-Crystal Nanowires. (May 2009)
Haidong Liu, B.S., Jilin University; M.S., Nanjing University;
M.S., Texas A&M University

Co-Chairs of Advisory Committee: Dr.Wenhao Wu
Dr. Joseph H. Ross Jr.

This dissertation describes experimental studies of the superconducting proximity
effect in single-crystal Pb, Sn, and Zn nanowires of lengths up to 60 um, with both ends
of the nanowires in contact with macroscopic electrodes that are either superconducting
(Sn or Pb) or non-superconducting (Au). The Pb, Sn, and Zn nanowires are fabricated
using a template-based electrochemical deposition method. Electric contacts to the
nanowires are formed in Situ during electrochemical growth. This method produces high
transparency contacts between a pair of macroscopic electrodes and a single nanowire,
circumventing the formation of oxide or other poorly conducting interface layers.
Extensive analyses of the structure and the composition of the nanowire samples are
presented to demonstrate that (1) the nanowires are single crystalline and (2) the
nanowires are clean without any observable mixing of the materials from the electrodes.

The nanowires being investigated are significantly longer than the nanowires with
which electrode-induced superconductivity was previously investigated by other groups.

We have observed that in relatively short (~6 pm) Sn and Zn nanowires, robust
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superconductivity is induced at the superconducting transition temperatures of the
electrodes. When Sn and Pb nanowires are in contact with a pair of Au electrodes,
superconductivity is suppressed completely. For nanowires of 60 um in length, although
the suppression of superconductivity by Au electrodes is only partial, the induced
superconductivity at the higher transition temperatures of the electrodes remains full and
robust. Therefore, an anomalous superconducting proximity effect has been observed on
a length scale which far exceeds the expected length based on the existing theories of the
proximity effect. The measured current-voltage characteristic of the nanowires reveals
more details such as hysteresis, multiple Andreev reflection, and phase-slip centers. An
interesting relation between the proximity effect and the residual-resistance-ratio of the
nanowires has also been observed. Possible mechanisms for this proximity effect are

discussed based on these experimental observations.
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1. INTRODUCTION: BACKGROUND AND MOTIVATION

This section gives an introduction to the field of nanowires, in particular,
superconducting nanowires. Details will be provided on our method of fabricating
nanowires and the properties of the nanowires we have been studying. A review of the
superconducting proximity effect in nanowires will also be presented. Finally, an

overview of our experimental studies will be introduced.

1.1 Nanowires fabricated by a template-based method

Nanowires are of great current interest [1, 2]. In addition to the fabrication and
characterization of the nanowires and related devices [3], the unique physical properties
resulting from the reduced size have been the focus of research [4].

In general, various fabrication methods can be categorized as either a top-down or a
bottom-up approach. In the top-down approach, bulk materials or thin films are etched or
micro-machined to form one-dimensional wires by using lithography techniques [5, 6].
This approach provides a well-controlled topography and is suitable for large scale
integration [7]. The top-down approach has been widely used in the semiconductor

industry.

This dissertation follows the style of Physical Review Letters.



The bottom-up approach grows nanostructures by either employing a self-assembly
mechanism or using nano-sized templates [8, 9]. Self-assembly methods include the
Longmuir-Blodgett (LB) process [10], the vapor-liquid-solid (VLS) method [11], and
other chemical vapor deposition (CVD) methods using nano-sized catalysts [12]. The
nano-template methods utilize a prepared structure to conform chemical or physical
growth into a template having the desirable shape and size [2, 13]. Template-based
electrochemical deposition is one of such methods. This method tends to produce
materials of better quality than those produced by the top-down approach, although
integration on a large scale can be challenging [14].

Nanowires fabricated by electrochemical deposition (ECD) have been studied
broadly as ECD is a rather simple fabrication procedure and can produce a large variety
of nanowires. By controlling the growth conditions such as the temperature, the
deposition voltage, the electrolyte composition, either polycrystalline [15] or single
crystalline nanowires of metals [16], alloys [17], semiconductors [18], or oxides [16] can
be fabricated in ambient condition. In ECD, porous anodic aluminum oxide (AAO) or
track-etched polycarbonate (PC) membranes are widely used as the templates for
nanowire growth. These commercially available molecular membranes are traditionally
used for filtration purposes. Nevertheless, the fabrication of AAO membranes having a
well-ordered nanopore array remains a relatively active subject of research [19]. By
using a standard electrochemical anodization process, AAO membranes with pores of
well-controlled size and order can be fabricated [20]. Furthermore, the template-based

electrochemical approach can potentially be integrated into the standard silicon



processing techniques as electroplating is already a widely used mature technique in the
semiconductor industry [21, 22].

In addition to mechanical [23], electrical [24], optical [25, 26] and magnetic
properties [27], superconductivity in such nanowires has been an active research subject
as one-dimensional superconductors may have unique properties when their thickness is
comparable to the superconducting coherence length [28-30]. For studying
superconducting properties in nanowires, contrasting results have been found in granular,
polycrystalline, and amorphous wires fabricated by sputtering or evaporating techniques
[31-33]. This makes single-crystal nanowires an ideal candidate to study the effect of

one-dimensional (1D) confinement in superconducting systems.

1.2 Superconductivity in nanowires and nanotubes

A fundamental question in superconductivity is how the collective properties of
superconductors is changed when the system dimensions are reduced [34]. Within the
framework of the classical theory of superconductivity, as the size of the superconductor
is reduced to close to the superconducting coherence length, §(7), the properties are
expected to change radically [35-37]. When Cooper pairs are squeezed into a small
volume, their wave functions are strongly modified, and therefore nanoscale
superconductors are expected to exhibit properties significantly different from those of
bulk superconductors. For example, when the diameter of the nanowire is comparable to
or even smaller than (7)), its behavior is expected to change from that of bulk and cross

over to that of a one-dimensional (1D) or quasi-one-dimensional one [38, 39]. This



issue is also of practical importance in finding the size limit of a superconducting wire
for potential applications in the integrated circuits (IC) industry [40, 41].

From the author’s perspective, most works that have been reported on
superconductivity in nanowires can be divided into two categories: interesting properties
due to the size effect of the one-dimensional nature and the proximity effect in
nanowires and nanotubes. We will introduce the proximity effect in the next subsection.
In the first category, the key question to ask is whether there is a size-limit for a sample
to conduct supercurrents? And if there is, what is the limit? Qualitatively, for a long 1D
channel in the case of a quantum wire, since there is only one channel for supercurrent to
flow, there is always a finite probability that thermal fluctuations may drive a fraction of
a wire into normal. Theoretical predictions as well as recent experimental studies have
shown that below a certain size limit, a superconductor nanowire acquires a finite
resistance due to quantum fluctuations [42-44]. The fluctuations can destroy the
superconducting state even at temperatures close to zero.

In a well-known work by Bezryadin et al. [34], an insulating state was observed for
nanowires with normal state resistance larger than the quantum resistance for Cooper
pairs, h/4¢’. Such nanowires with diameters smaller than 10 nm were produced by
coating carbon nanotubes with MoGe alloy. The authors attributed the suppression of
superconductivity to quantum phase slips along the wires. In another work by Zgriski et
al. [45], breakdown of superconductivity was also found experimentally in ultrathin (~10

nm) and homogeneous aluminum nanowires. The authors also observed an evolution of



the shape of R(7) and the critical temperature value as a function of the effective
diameter.

Another intriguing effect is, as reported by Rogachev et al. [46], a critical current
enhancement by a magnetic field at low temperatures in ultra narrow, sub-10-nm MoGe
and Nb superconducting wires. This effect was found to be stronger for narrower wires.
The authors conjectured that local magnetic moments generated by surface oxides could
quench the exchange coupling between external fields with the electrons in Cooper pairs,
thereby, enhancing the critical current. In a recent work by Tian et al [47], an
anomalous anti-proximity effect (APE) was observed in Zn nanowires of 40 nm in
diameter. Superconductivity in the Zn NWs is suppressed either completely or partially
by superconducting electrodes. When the electrodes are driven into their normal state by
a magnetic field, the nanowires switch back to their superconducting state. This effect is
not seen in wires of diameters 70 nm or larger. This anti-proximity effect is not well
understood.

The development of a finite resistance and the suppression of superconductivity
below 7. in nanowires have typically been explained in terms of phase-slip-centers
(PSC), which was initially proposed by Skocpol, Beasley, and Tinkham (SBT) [48]. PSC
refers to segments along a superconducting nanowire or filament, where the
superconducting order parameter fluctuates about zero [37]. Across the segment, the
phase of the superconducting order parameter slips by 2n. This phase slip results in a
voltage across the segment and the nanowire becomes resistive. The concept of PSC was

first proposed to explain the regular steps in the /-V curves of tin whiskers [48] and



superconducting microbridges [49]. Although this behavior was first observed in
conventional superconductors, it is also present in high-temperature superconductors [50,
51]. In a recent paper, phase slips was explained as the dual process to Cooper-pair
tunneling in a Josephson junction [43]. Although phase slips by thermal activation at
high temperatures are well accepted and understood, the existence of quantum-phase-
slips (QPS) at low temperatures is still under debate [42]. The simplest geometry to

study PSCs is a 1D superconductor with a diameter smaller than the coherence length.

1.3 Superconducting proximity effect in one dimension systems

The proximity effect (PE) at a superconductor (S) and normal-metal (N) interface is
a well known effect [37]. Early studies were focused on the modulation of the critical
temperature 7. in layered S-N systems. When a normal metal N is deposited on top of a
superconductor S, and if the electrical contact between the two is good, Cooper pairs can
leak from S to N. A review of early studies of the proximity effect was done by
Deutscher and De Gennes in 1969 [36].

Recent experiments have drawn interest to the proximity effect in micro-scale and
nano-scale systems in which cases electrical transport can be greatly affected by the
presence of macroscopic superconducting or normal leads. Many interesting and
sometimes surprising results have been reported. As early as in the beginning of 1990’s,
Courtois et al. [52] found that a narrow metallic (Cu or Ag) wire of length up to 1.6 um
can have zero resistance when they were connected to superconducting Al islands. Low

temperature results measured in such systems turned out to diverge significantly from



the classical models in both the clean limit and the dirty limit. In another work around
the same time, using lithographically defined aluminum microstructures, Kwong et al. [6]
observed a substantially more robust proximity effect over a surprisingly long range (50
um) which was inconsistent with theoretical models. The authors commented that quasi-
particle coherence might play an important role in the results.

With the current nanofabrication techniques, new results have been obtained in
structures with even smaller sizes, especially, semiconductor nanowires and carbon
nanotubes. In a report by van Dam et al. [53], n-type InAs nanowires (NWs) were
interconnected by aluminum pads to form a superconducting quantum interference
device (SQUID). Supercurrents were found to flow through the quantum-dot-like weak
link formed by a semiconductor-superconductor junction. Interestingly, they also
demonstrated that, by adding a single electron with certain spin configuration to the
quantum dot using a gate electrode, the supercurrent can reverse its sign. In another
work by the same group [54], a prototype of quantum supercurrent transistor is realized
by defining aluminum electrodes on a carbon nanotube. Also in one of the earliest works
to report proximity-induced superconductivity in single-walled carbon nanotubes,
Kasumov et al. [55] emphasized the importance of obtaining highly transparent contacts
between the superconducting electrodes and the carbon nanotubes.

The proximity effect is intimately related to the Andreev reflection of electrons at the
N-S interface [56], where many intriguing properties have been measured. Andreev
reflection is a microscopic mechanism of the proximity effect, in which one electron

coming from N is reflected as a coherent hole, while a Cooper pair is transmitted into S.



One popular and successful model to describe the Andreev reflection at an S-N
interface is established in a 1982 paper by Blonder, Tinkam and Klapwijk (BTK) [57].
In this paper, a ballistic Andreev reflection model was proposed and a simple theory for
simulating /-7 curves of an S-N micro-constriction was presented. According to this
model, Andreev reflection takes place in S over a distance equal to the superconducting
coherence length. In this picture, coherence is lost in the normal metal at a certain
distance from the interface, which should be smaller than the coherence length in the

normal metal Ly and the thermal length Lt which is 2nhve/kgT in the clean limit and
J(AD/kT) in the dirty limit [58], where h is Planck’s constant, kg is the Boltzmann

constant, vr is the Fermi velocity, and D is the electron diffusivity. At a few degrees
Kelvin, Lt is no more than a few microns for typical metals and is larger than L. In the
clean limit, Ly is 2 pm at 7.2 K and 3.8 um at 3.7 K for Sn and Zn. This picture is
consistent with reports on the PE in carbon nanotubes, semiconductor nanowires, and
graphene of length 0.1-0.5 pm, as well as e-beam patterned Al NWs [59] and
electroplated Sn NWs of length up to 4 um [60]. However, exceptions exist. In addition
to a modulation of 7, on a length scale of 60 um observed earlier by Kwong ef al. in
lithographically patterned Al films, we have observed an anomalous PE in single
crystalline Zn, Sn, and Pb NWs of length up to 60 um, which can not be explained by
existing theories [61]. More details about this anomalous long-range proximity effect

will be presented in this dissertation.



1.4 Design of experiments

Many efforts have been made to make our study of the superconducting proximity
effect in nanowires unique and effective. When defining an electrode-nanowire-
electrode structure, our in situ electrodeposition method directly grows nanowires on one
electrode and connects to the other electrode as the deposition process is completed. By
choosing different materials (normal or superconducting) for the electrodes and
nanowires, we can study both the suppression and induction of superconductivity in the
nanowires. The length of the nanowires was determined by the thickness of the
molecular membranes. Commercially available membranes have two choices for the
thickness: 60 um for AAO membranes and 6 um for PC membranes. These two choices
give a good representation of the proximity effect in a broad range. This is because 6 pum
is the upper-limit for the conventional proximity effect that has been observed while 60
um is far beyond the length scale of the proximity effect expected by existing theories.
Although we can not continuously change the diameter of the nanowires, six different
sizes range from 40 nm to 200 nm provide a broad diameter range to investigate the
effect of the diameter on the observed proximity effect.

Special attention was given to two issues while designing the experiments: the
quality of the nanowire and the transparency of the nanowire-electrode contact. By using
the electro-deposition method, we can control the growth conditions to make single-
crystal nanowires. This is practically the best quality we can expect for studying
superconductivity. Although we still can not exclude the effects due to the not-so-

uniform diameters along the wire, the scattering due to grain boundaries and other
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artifacts in polycrystalline and amorphous samples are absent. For the nanowire-
electrode contact, the self-contacting technique invented by our group is believed to give
a nearly perfect transparency [38, 62]. This is mainly because the connection was made
in a one-step process during electroplating, thus minimizes the possibility of developing
an oxide layer which often happens when a two-step process is used.

As expected, our structure achieved the desired qualities that we proposed, as
reflected by both microscopic studies and transport measurements. Although the
anomalous long-range proximity effect is still unexpected, we have found clues to
further understand the phenomenon. Analysis from our electron transport data also

suggests connections to other reported results and the current theoretical picture.
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2. EXPERIMENTAL: FABRICATION AND CHARACTERIZATION OF

ELECTRODE-NANOWIRE STRUCTURES

In this section, experimental methods and details will be reviewed for the fabrication
and microscopy characterization of the electrode-nanowire-electrode structure. Starting
with the electrodeposition methods, we describe the details of each step by focusing on
the uniqueness of our experimental set-up, the in situ self-contacting method. Then
microscopy studies using the scanning electron microscope (SEM) and the transmission
electron microscope (TEM) will be presented. Since the observed long-range proximity
effect is unexpected, special and advanced microscopy methods were used to
specifically address the issues associated with the structure and the chemical
composition of the samples. In particular, in addition to imaging extracted nanowires
after the membranes have been dissolved as is often done in most works [29, 63], we
have developed several methods to investigate the structure and the composition of the
nanowires still remaining in their original membrane pore channels, and, in some cases,

still in contact with the bulk film electrodes.

2.1 Nanowire fabrication using electro-deposition
The nanowires were fabricated using a template-based electrochemical approach
which has been reported by an increasing number of groups for producing a great variety

of NWs [32, 33, 64, 65]. This method is essentially an electroplating technique utilizing
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the nanometer sized pore channels in molecular membranes as templates. Anodic
aluminum oxide (AAQ) and track etched polycarbonate (PC) membranes are the most
widely used porous membranes. They are commercially available due for application as
filters in biological processes. Most membranes used in our experiments are purchased
from commercial venders. We can also fabricated AAO membranes with a much better
honeycomb pore order. A top view and a cross-section view of home-made membranes
are presented in Fig. 2.1. From the side view, we confirm that the nano-channels are
uniform along the length. Such membranes are fabricated by anodizing aluminum sheet
in acid solutions. It is well established that, by controlling parameters such as voltage
and pH value, etc, the pore size and the thickness of the membrane can be finely tuned [2,
66, 67]. This makes AAO membranes suitable templates for electroplating nanowires

with different diameter and length.

FIG. 2.1. SEM image of home-made anodic aluminum oxide (AAO) membranes. Top view (left) and

side view (right)
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Polycarbonate membranes are organic membranes with much better flexibility and
ease in handling, compared to the hard and brittle AAO membranes. They are made by
exposing thin polycarbonate sheets in well aligned particle beams. The track of a particle
leaves a single channel in the PC film. An example of such membrane is shown in Fig.
2.2. The pore size in this membrane is 50 nm. Compared to the hexagonal lattice
structure for AAO pores, pores in PC are randomly distributed with a pore density

smaller by an order of magnitude compared to that of AAO membranes.

FIG.2.2. SEM image of the top view of a track-etched polycarbonate PC membrane

We plated Pb, Sn, and Zn NWs into either thinner (6 pum) polycarbonate (PC)

membranes with random pore sites or thicker (60 pm) anodic aluminum oxide (AAO)
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membranes with a honeycomb pore arrangement, producing NWs of length 6 um or 60
pum and diameters 30-200 nm or 100-250 nm, respectively. The membranes were
purchased from Whatman Co. and SPI Supplies Inc.

For plating Pb, the electrolyte was a 200 ml solution with 16.2 g Pb(BF4), 50% wt
solution in water, 6.72 g HBF,4, and 3.0 g HBOs. For plating Sn, the electrolyte was
prepared by mixing 16.72 g of a Sn(BF,), solution at 50 wt% with 200 ml of water. For
plating Zn, the electrolyte was prepared by dissolving 4.7 g ZnCl, into 200 ml water. A
Pt anode was used and the reducing potentials relative to an Ag/AgCl reference electrode
were 0.4 - 0.5 V for Pb, 0.4 - 0.5 V for Sn, and 1.1 - 1.2 V for Zn. In our approach, a
thick (~300 nm) Au, Sn, or Pb back electrode was evaporated on one surface of a porous
membrane. It blocked all the pores to form the cathode for electroplating. The anode was
placed facing the other surface of the membrane. Electroplating was initiated at the

cathode and the pores were filled to form an organized field of NWs.

2.2 Contacting nanowires with electrodes: the in situ method

While different methods have been applied to form electric contacts on NWs for
transport studies, the most reliable method is an in situ method which allows for
contacting a single NW with a virtually zero contact resistance [38, 62]. We used one
variance of this in situ method for the present study, as illustrated by Fig. 2.3. In addition
to the thick back electrode which blocked all the pores, a relatively thinner (50-100 nm)

front electrode of Au, Sn, or Pb was evaporated on the other surface of the membrane. It
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blocked many of the pores and left some pores open for electroplating. A SEM image of

a membrane with a 70 nm-thick Au front electrode is presented in Fig. 2.4.

FIG. 2.3. [lustration of an electrochemical cell. Schematic of the self-contacting method can be
achieved using this set-up by measuring the working potential, votage and current as V;, V, and 4

respectively

As Fig. 2.3 shows, a voltmeter, V;, was connected between the back electrode and
the reference electrode, Ag/AgCl. To reduce one particular type of ion, a specific voltage

is applied at the back electrode. This value was calculated from the concentration of ions,
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temperature of the solution, pH value, and the standard electro-chemical potential of the

ion.

FIG. 2.4. SEM image of an AAO membrane with front electrode. A 70nm-thick layer of Au evaporated

on the top of the membrane to form the front electrode. The size of the pores is around 200nm

We used a voltmeter to monitor the potential difference V', between the front and the
back electrodes. Initially, V> decreased gradually as the open pores were being filled.
When the fastest growing NW made a contact with the front electrode, a sudden drop in
V> could be observed. Fig. 2.5 showed a typical example. The typical time for making
such a contact varies from sample to sample, depends on the currents flowing through
the circuit. The current was determined by properly set the output of the power supply,
which was tuned to maintain a desirable voltage V;. The current can be recorded during

electroplating, as shown in Fig. 2.3. A jump in current was observed when a nanowire
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made a connection with the front electrode. It was obvious that nanowires in different
pores grow at different rates [62], as was supported by our structure characterizations
shown later. Thus, there will always be some wires grow out of the membrane first and

reach the front electrode
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FIG. 2.5. Voltage measured between the front and back electrode during an electro-plating process. The

inset graph is a schematic where a nanowire has been contacted to the front electrode

If electroplating was terminated when ¥, dropped to zero suddenly, we could obtain
a sample having a single NW whose ends were in contact with the back and the front
electrodes. Since such a nanowire is already connected with bulk leads, electron
transport measurements can be carried out right away. In the experiments, we found that

such contacts were very sensitive to the temperature, pressure change, and mechanical
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vibrations. To enhance the chance of successful transport measurement, only those

samples with relative stable resistance values were measured at low temperatures.
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FIG. 2.6. TEM study of Sn nanowires. Top: TEM image of a Sn NW grown using Pb electrodes.
Middle: EDPs taken at spots a and b in the top frame. The diffuse rings are likely from a supporting
amorphous carbon film. Bottom: EDS taken on the Sn NW. C and Cu peaks are from the carbon film

supported Cu grid. Pb signals, at energies indicated by two arrows, are absent
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2.3 Structure and composition analysis of nanowires

In the standard approach, nanowires are extracted by dissolving the membrane (in a
4 M NaOH solution for AAO membranes and in dichloromethane for PC membranes)
after polishing off the back and the front electrodes. Free standing nanowires in ethanol
or water can be obtained by using a centrifuge. SEM or TEM specimen can be made by
dropping the solution onto a substrate or a Cu grid.

In Fig. 2.6, we illustrate the results of a TEM study of a typical Sn nanowire grown
with Pb front and back electrodes. Selected Area Electron Diffraction (SAED) patterns
taken on different spots along the wire give the same pattern, indicating its single
crystalline nature. Plane indexes and growth direction have been marked on the SAED
pattern. The Sn nanowires have a tetragonal lattice structure, same as its bulk phase.
Furthermore, the energy dispersive spectroscopy (EDS) results shown in the bottom
frame in Fig. 2.6 confirms the chemical composition of the Sn nanowires, and that
mixing of materials from the Pb electrode is absent.

Fig. 2.7 gives another example of a TEM study of Zn nanowire grown with Pb front
and back electrodes. The wire is typical of many wires we have studied as shown in the
bottom left frame. SAED patterns taken on different spots along the wire gives identical
patterns as shown in the top right frame indicating its single crystalline nature. Plane
indexes and growth direction have been marked on the SAED pattern. Analyses have

found that the Zn nanowires have the hexagonal structure, same as its bulk phase.
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FIG. 2.7. TEM study of Zn nanowires. TEM images of free standing Zn nanowires and SAED patterns

taken on the wire with plane indexes and growth direction indicated
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2.4 Advanced characterization of nanowire/electrode devices

Besides identifying the composition and crystal structure of the grown wires, as we
did in the last subsection, a great deal of effort has been made to investigate the interface
between the nanowires and the electrode in contact with them. Due to the unexpected
transport results from our measurements, such effort was necessary in order to verify the
structure and the composition of the NW samples. We will present advanced
microscopic structural studies based on a number of sample fabrication methods.

In the first approach, both surfaces of a membrane filled with nanowires were
polished to remove the front and back electrodes and then imaged using SEM. As shown
in Fig. 2.8, Zn nanowires grown in AAO membrane using Pb electrodes appear as white
spots. Black spots are unfilled pores. EDS on many different spots have found no trace
of mixing of Pb from the electrode. Au and Pd peaks found in the EDS spectrum are

from the coating to enhance surface conductivity for SEM imaging.
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FIG. 2.8.  SEM image of Zn nanowires grown in AAO membrane after Pb electrodes are polished off.

EDS on the bottom shows a typical scan indicating no Pb trace found

The second approach is illustrated in the top of Fig. 2.9, in which an Ar+ ion beams
are used to mill a hole through a membrane filled with nanowires after the front and
back electrodes are removed. The milling angle was chosen as 15° so that the thin edge
around the hole can be large enough to be viewed by TEM. Specimen made this way can
provide structural and compositional information while the NWs are still preserved in
the membrane. Compositional analyses over large areas and at different depths in the

samples are possible if we choose the right milling angle and rate.
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FIG. 2.9. TEM image of a cross-section of Sn nanowire in polycarbonate matrix. The image was taken
after ion milling process as illustrated on the top. Arrows show the edge of an ion milled hole. Inset is the

high magnification image shows the surface oxidation layer and lattice fringes

As an example, Fig. 2.9 shows the results of a TEM study of a PC membrane filled
with Sn nanowires grown with Pb front and back electrodes. Black arrows indicate the
edge of the milled hole. The cross-section image of the Sn nanowire indicates the actual
nanowire diameter is about 60 nm while the nominal pore diameter of the PC membrane
is 50 mnm. An oxidation layer around the nanowire is visible. The magnified image of

the selected area at the bottom right shows the lattice fringes.
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FIG. 2.10. Cross-sectional TEM study of Zn nanowires in AAO membrane. (a) TEM image of AAO
membrane with Zn nanowires grown inside after Pb electrodes polished off and ion milling. (b) SAED
pattern of a typical cross-section of Zn nanowires. (c) and (d) are EDS maps of the same area with element

mapping of Zn and Al, respectively

Specimen made using this method can also be used for EDS mapping where
compositional information can be obtained for a relatively large area. Fig. 2.10 shows

such a study on a Zn NW sample grown in AAO membrane using Pb electrodes. The
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TEM image in Fig. 2.10 (a) shows Zn nanowires grown in AAO membranes as black
spots where SAED patterns can be taken as shown in (b). EDS maps of Zn (c) and Al (c)
elements in the same area clearly identifies each Zn NW cross-section and each pore in
the AAO membrane. Mapping of Pb in the area did not give any signal above the
background noise level.

The third approach enables us to exam the electrode-nanowire interface while the
nanowires are still preserved in their original pore channels in the template. AAO or PC
membranes filled with nanowires are embedded in epoxy and cut into thin slices (< 200
nm) along the direction of the NWs using ultramicrotomy. Many thin slices can then be
transferred onto carbon coated Cu grids for TEM studies. A thin layer of carbon was

always evaporated onto the specimen for stabilization purpose.
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FIG. 2.11.  TEM study of the electrode-membrane interface. Top: TEM image of the interface between
Au electrode and polycarbonate membrane with Sn nanowires grown inside; Bottom: TEM image of the
interface between Pb electrode and the AAO membrane with Pb nanowires grown inside. White lines

indicated the boundary of two-layer AAO substructure

Fig. 2.11 shows Sn NWs in a PC membrane with the Au electrode appearing as the
dark stripe at the edge. EDS mapping similar to that in Fig. 2.12 didn’t find any Au trace
inside the membrane. This is consistent with a clean Au-PC interface. Another sample
with Zn nanowires grown in AAO membrane with Pb electrode is shown at the bottom
of Fig. 2.11. Besides showing a clean Pb-AAO interface, this image also shows that

commercial membranes from Whatman have a two-layered structure, as was suggested
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by many groups [16, 67]. It is clearly shown in Fig. 2.11 that in a surface layer with a
thickness of about 1 um the pore diameter is about half as large as the pore diameter in
the bulk of the membrane. To our knowledge, this image is the first one to directly show
such a two-layered structure details of the AAO membranes. A clear indication of layer
interface was shown by the white dashed line in the figure. We have not been successful
in observing a similar feature in the PC membranes, although a similar structure was
suggested [16] for PC membranes.

The main purpose of our microscopy study is to investigate the device structure in
detail to obtain a clear picture of where nanowires are grown and how electrode
materials distribute. This method offers an efficient way to further investigate details of
compositional distribution across the sample. By employing the same method of EDS
mapping, we can obtain compositional information along the length of each nanowire,
where an area with many nanowires can be studied in one scan. Such a study on a
Pb/ZnNW/Pb sample made with AAO membrane is shown in Fig. 2.12. In the TEM
image, dark areas are nanowires embedding in AAO membranes. In principle, we can
carry out EDS scans on any part of the area from the top electrode to the bottom
electrode to map out the distribution of Al, Zn, and Pb elements. Based on all the studies

we have done, no signal for the electrode material has been found in the nanowires.
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FIG. 2.12. Compositional study of a long Pb/ZnNW/Pb sample with NWs remaining in AAO
membranes. With the TEM image showing the actual area we are stuying, the EDS mapping gives

elemental signal distribution across the area as indicated

The information obtained in Fig. 2.12 shows that there is not mixing of electrode
materials inside the membrane. However, it will be better if we can image the electrode
material and the nanowires which are in contact with them at the same time. We have

tried many specimens and success was finally achieved in the sample shown in Fig. 2.13.
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FIG. 2.13. TEM study of Pb electrode-Zn NWs interface. (a) TEM image of the side view of Zn NW
grown between Pb electrodes in AAO membrane. (b-d) EDS maps of the same area with element mapping

of Al, Zn and Pb, respectively; Each element was represented by one specific color

In Fig. 2.13, a Pb/ZnNW/Pb sample in AAO membrane is imaged while the
electrode is found to be in contact with many nanowires. To confirm the chemical
composition of the NWs, EDS studies were done on such specimens. Fig.2.13 (b-d)
shows the EDS maps for elemental Al, Zn, and Pb, respectively. Fig.2.13 (a) shows the

TEM image of the same area where both Zn NWs (black stripes) and Pb electrodes (grey
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block on the top) can be seen. Again, we demonstrate that the Zn NWs were grown
inside the membrane with no mixing of the electrode material. This study, along with
many other similar studies, also supports the fact that nanowires grow at noticeably
different rates in electrodeposition.

Based on all the analyses and observations, we can exclude the possibility of
diffusion of the electrode material into nanowires for the following reasons: (1) typical
observations and measurements for fabricated devices indicate that there are wires
grown between the front and back electrodes with a resistance similar to that of the
nanowires we intend to grow and they will grow into single crystals made of the same
material as nanowires that we intended to grow; (2) it is chemically unfavorable for the
electrode material to dissolve in the plating process and be reduced to its metallic form
under the same condition where the working potential was adjusted to reduce another
kind of cations of a higher reactivity; (3) there is no observable change to the front and
the back electrode during electroplating, further confirming that the electrodes are not
reactive to the solution; (4) Detailed structural studies indicate that the electrodes
remain intact after ECD and no diffusion of electrode material into the membranes were
found; (5) Detailed structural studies also prove that many nanowires were actually
grown into the membrane as we expected and no nanowire made of the electrode
material was found; (6) Transport measurement on over 160 samples didn’t yield any
exceptions.

We note that the four types of SEM and TEM studies described above do not directly

image the particular single nanowires that were contacted for transport measurements.
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However, based on the principle of electroplating, there is absolutely no reason for these
single nanowires used for transport measurements to be different from those imaged in
SEM and TEM studies. Our SEM and TEM studies, which together form the most
comprehensive SEM and TEM studies have so far been performed on template-grown
nanowires systems, have shown clearly the structure and the composition of the
nanowires. In particular, they have demonstrated convincingly that there is no mixing of
the materials from the front and back electrodes into the nanowires. Therefore, we
conclude that we have observed an anomalous long-range superconducting proximity

effect in single crystal nanowires.

2.5 Low temperature transport measurements

The low-temperature electrical resistance measurements of the electrode-NW-
electrode devices were done immediately after the fabrication process. In the schematic
in Fig. 2.3, a small piece of membrane (usually in the size of 4 mm x 5 mm) is mounted
on a surf board (with dimension of 8 mm x 14 mm). The board has three build-in leads
with platinum coating on top of Cu pads. The middle lead is usually put in contact with
the back electrode on one side of the membrane using silver paint or soft solder. Each of
the other two leads is connected with a corner of the front electrode. Such configuration
allows us to measure the resistance between the front and back electrode, i.e. the
nanowires electrical resistance by a pseudo four-wire method, namely, by connecting
each of the two leads with two wires in connection with the electronics. For our

particular purpose of measuring the proximity effect, we also care about the resistive
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transitions of the electrodes. The three-lead geometry provides great convenience for
measuring the resistance of the front electrode by flowing current through the two side
leads. Two independent measurements of either the nanowire or the front electrode can
be done with one run without taking the sample out of the low-temperature chamber.

As the single nanowire contact with the front electrode is very fragile and sensitive
to vibrations, temperature change, and pressure change, it is important to measure the
sample right after the fabrication process. For resistive measurements in the physical
property measurement system (PPMS), the sample has to be mounted onto a puck and
wires have to be connected to voltage and current leads. After customizing the puck
geometry and leads configuration, three samples can be directly plugged into build-in
sockets which are always connected to the designated leads. With these efforts, the
sample transportation and assembling process was usually done within 10 minutes.

Resistance measurements inside the PPMS (Quantum Design Inc.) were carried out
according to the written measurement sequence. The measurement current was set to 0.1
HA to exclude heating effects. It is much smaller than the critical current of the
nanowires. Since the nano-contact was also found to be sensitive to sudden change of
current or static voltage, a switch box was always used to short the samples outside the
PPMS when electrical connections were initiated or changed during a measurement.
Temperature control was achieved automatically by the PPMS, with a base temperature
of 1.8 K. Magnetic fields up to 7 Tesla is provided by a superconducting magnet. By
using different sockets in the puck, we can align the nanowires either parallel or

perpendicular to the direction of the magnetic field.
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I-V measurements were carried out by adding a small AC modulation (~0.1 pA) to
the ramping dc current. The dynamic resistance was measured using a PAR 124 lock-in
amplifier. Both the differential resistance, d}/d/, and the dc voltage V" were be measured
at the same time. Additional electronics instruments were placed on a rack and
connected to the switch box when needed. In such measurements, PPMS was only used

to control the temperature and the magnetic field.
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3. TRANSPORT DATA: LOW TEMPERATURE ELECTRICAL RESISTANCE

MEASURMENTS

In this section, an overview of the transport data is given for each type of the
electrode-nanowire-electrode structures. Rather than drawing conclusions on each type
of structure, a survey of interesting features will be made for the samples measured.
Comparisons will also be made for some related structures. However, detailed analysis
and comprehensive discussions will be described in Section 4.

Parameters for each type of structures include the materials of the nanowires (NW),
the electrode materials, the length of the nanowires (determined by the thickness of the
membranes being used), and the diameters of the nanowires. Excluding the diameter as a
variable, we have 14 types of structures. In total, we have successfully measured 167
samples.

The resistance of a sample was measured using the front and the back electrodes as
the leads. Actual measurements were done with each electrode connected to two
measuring wires in a “pseudo” four-probe configuration to eliminate the resistance of the
measuring wires. The resistances measured at room temperature were typically in good
agreement with the expected resistance values for single NWs calculated using the

dimensions of the NWs and the bulk resistivity p of the materials at room temperature.

The resistance of a typical film electrode was less than 0.1 Q.
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The resistance R of single Zn, Sn, and Pb NWs was measured down to 1.8 K in a
Quantum Design physical properties measurement system (PPMS). The 7, of bulk Pb,

Sn, and Zn are, respectively, 7.(Zn) = 0.88 K, 7.(Sn) = 3.7 K, and T.(Pb) = 7.2 K [68].

3.1 Lead (Pb) nanowires

For Pb nanowires, we only have two choices of electrode materials due to the
constraint by the chemical reactivities of Zn and Sn electrodes in Pb*" contained
solutions. It is not possible to fabricate Pb nanowires using Sn or Zn electrodes. The two
possible choices are Au/PbNW/Au (Pb nanowires with Au electrodes) structure and
Pb/PbNW/Pb (Pb nanowires with Pb electrodes) structure. In these structures, we can
fabricate either long wires (60um) or short wires (6um), by using different thickness
molecular membranes, anodic aluminum oxide (AAO) or polycarbonate (PC),

respectively. We have measured a total of 42 samples.

3.1.1 Au/PbNW/Au

For all of the short nanowire samples we have measured, the normal Au electrodes
were found to fully suppress superconductivity in the short Pb NWs inside the PC
membrane. As shown in Fig. 3.1, samples showed no sign of superconductivity below

7.2 K, the T, of bulk Pb.
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FIG. 3.1. The dependence of resistance on temperature in short (6um) Pb NWs connected by two Au

electrodes. Diameters of NWs are indicated
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FIG. 3.2. The dependence of resistance on temperature in long (60um) Pb NWs connected by two Au

electrodes. Resistance data showed are normalized respect to their values at 300 K

Compared with the complete suppression of superconductivity in shorter Pb NWs,
longer Pb NWs in AAO membranes showed partial suppression of superconductivity by
the gold electrodes. From the measured resistance versus temperature data (R-7 curves),
we plot as a function of the temperature in Fig. 3.2 the resistance of the samples
normalized by their values at room temperature (300 K). All the 27 samples we have
measured displayed a superconducting transition at the transition temperature of bulk Pb
Tc«(Pb) = 7.4 K, but all had significant residual resistance below 7¢(Pb) The Au

electrodes only partially suppressed superconductivity in the long Pb NWs.
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FIG. 3.3. Resistance dependence of an Au/PbNW/Au (60um) sample under magnetic fields. R-H curves
were measured with NWs parallel to the field direction at 2K, 4K, 6K, 6.5K, 7K and 7.5K, from right to

left, respectively

We have also measured the field dependence of the resistance for each sample at low
temperatures. They share similar features in terms of the shape of the curve and the
critical field value. Instead of a sharp transition as observed in bulk Pb samples, we
observe a continuous change of the resistance around certain fields. The value ranges
from 1500 Oe to 4000 Oe at 7 = 2 K. At lower dimensions, the original Type I
superconductor (Pb) tends to change to a Type II superconductor as found by many

works [37, 69, 70]. Our data clearly show such a trend as we changed the NW diameters.
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In addition to the temperature dependence of the resistance, extensive measurements
of the I-V characteristics were also carried out. For all the samples, we have observed
two types of I-V curves as shown in Fig. 3.4. The representative data in the top two
graphs shows typical features of a weak superconductor: a rounded transition around the
critical current (/) and a small value of /.. The bottom graphs show the other type of I-V/
curves with robust critical currents. These two types of I-Vs give critical current values
differ by an order of magnitude. Both types of dc /-Vs have a finite slope at zero current,
consistent with the non-zero residual resistance. The top one doesn’t have the sharp
transition and the hysteretic feature depending on the current sweeping direction, in
comparison with the features seen in the bottom one. We have also observed such
features in other types of samples and will discuss in more details in later sections. For
the ac I-Vs, the top one shows a series of peaks. Detailed studies showed that the
positions of these peaks move when the temperature or the applied field was changed
[71]. This feature is similar to those reported elsewhere in other proximity-induced
superconducting nanowires [72-74]. Such peaks are believed to be resulted from
multiple Andreev reflections (MAR) at the normal-superconductor interfaces [54, 75,

76].
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FIG.3.4. Two types of I-V characteristics represented by two long Au/PbNW/Au samples with
diameters equal to 200 nm. Top: ac (left) and dc (right) /-Vs of one sample; Bottom: dc (left) and ac (right)

I-Vs of another sample; Arrows indicate current sweeping directions

3.1.2  Pb/PbNW/Pb

Pb nanowires between two Pb electrodes display the expected behavior. Both long

(60um) and short (6um) wires show complete superconductivity with zero resistance
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below the bulk Pb transition temperature. Most samples we have measured were long Pb

NWs. We plot the representative data in Fig. 3.5.
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FIG. 3.5. R-T data of Pb/PbNW/Pb samples with nanowires have length of 60um. Diameters of

nanowires are all 200 nm

We have also measured the field dependence and I-V’s for these samples. As a typical
example, Fig 3.6 shows R-H cures and dc I-V curves at various fields and temperatures.
With a zero resistance state below the bulk Pb transition temperature, Pb NW showed

the behavior of a type II superconductor in a magnetic field.
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Transport data of a Pb/PbNW/Pb sample with length of the nanowire equal to 60 um. Top: R-T

and R-H curves at 7= 2,4,6,6.5,7,7.5 K from right to left; Bottom: /-V curves at 7= 2,3,4,5,6,7, 7.2 K (left)

and ramping rates at 2K (right)

Dc I-Vs were also measured for this sample at various temperatures, as shown in Fig.

3.7. A significant hysteresis was observed in the long Pb/PbBNW/Pb sample. I-V

hysteresis has been also reported in other systems [75, 76] and is often attributed to Joule

heating [37]. However, by changing the ramping rate of the current as we did for this
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sample and also by staying for different periods of time at the high current regime, we
didn’t find any measurable change in the hysteresis. This suggests that the hysteresis is

not due to heating.
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FIG. 3.7. Dc and ac I-Vs for long Pb/PbNW/Pb sample. (Left) dc I-Vs at 7= 2K under magnetic fields of

0, 200, 400, 450, 500, 550, 600, 800, 850 Oe; (right) ac I-Vs at T = 2K under fields of 500, 850, 1000,

1050, 1100, 1200, 1400, 1600, 1800 Oe; all fields were parallel to the wire

I-Vs measured at 2 K with at various magnetic fields show similar features as those
measured at various temperatures. With increasing fields in Fig. 3.7, the critical current
becomes smaller and the transition becomes smoother. At the same time, the hysteresis
due to sweeping direction also becomes less significant. From the ac /-Vs, the sharp and

one step transition gradually becomes multi-peak and smooth ones. Namely, we have
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observed both types of /-Vs in Fig. 3.4 for this sample, as superconductivity was

destroyed by either increasing the magnetic field or raising the temperature.

3.2 Tin (Sn) nanowires

For Sn nanowires, we have three choices of electrode materials to form
Au/SnNW/Au, Sn/SnNW/Sn and Pb/PbNW/Pb structures. We can fabricate either long
wires (60um) or short wires (6um), by using different molecular membranes, anodic
aluminum oxide (AAQ) or polycarbonate (PC), respectively. We have measured a total

of 81 samples.

3.2.1 Au/SnNW/Au

For Sn NWs with Au electrodes, we have obtained results that are similar to those
observed in Pb NWs. For short wires, the Au electrodes fully suppressed

superconductivity in the Sn NWs, as shown in Fig. 3.8.
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FIG. 3.8. R-T data for four short Sn nanowires grown between two Au electrodes. Diameters of NWs are

indicated

On the other hand, a partial suppression of superconductivity by Au electrodes was
observed in long Sn NWs. R-T data of three samples in Fig. 3.9 clearly show that all of
them had significant residual resistance below the transition temperature, which kept
decreasing as temperature was lowered further. The normalized resistance data in the
inset shed light into the behavior of samples related to their residual-resistance-ratio
(RRR). The inverse of the R/R;pox value gives the RRR. Comparing the three samples,
we found that samples with larger RRR values had larger values of non-zero resistance
ratio below the transition temperature. Further discussions about RRR and the proximity

effect will be presented in Section 4.
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FIG. 3.9. Resistance data of long Sn nanowires grown between Au electrodes. Resistance of all three
samples were normalized to their values at 4.2 K; Inset: resistance data normalized to their values at 300 K

for the same three samples

I-Vs in long Sn NWs with Au electrodes can also be classified into two categories:
one with sharp transitions and one with smooth transitions, as shown in Fig. 3.10.
Interestingly, none of the measured /-Vs showed hysteretic behavior. Both the ac /-7 and
dc I-V curves give transitions at a critical current /.. Ac I-Vs show peaks corresponding
to the slope change in the dc /-Vs. However, as we can see for both samples, the
sharpness of the transition is quite different. If a sharp transition suggests a robust
superconducting state, the rounded transition in the second sample in the bottom figure

suggests a relatively weak superconducting state. Currently, we don’t have a clear
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understanding of what contributes to the difference. We have observed both cases in

different samples having the same structure.

dv/di (Q)

dv/di (Q)

mv)

1, (mA) Visael

FIG. 3.10. [-V characteristics of two types of Au/SnNW/Au structures with long nanowires. Top: Ac
(left) and dc (right) I-V curves of one sample at 7= 2, 2.5, 2.75, 3,3.25, 3.5, 3.75 K with decreasing critical
current; Bottom: ac (left) and dc (right) I-V curves at 7= 2 K under magnetic fields of 0, 100, 200, 400,

800 Oe with decreasing critical currents

3.2.2 Sn/SnNW/Sn
We have also studied both long and short Sn NWs grown between Sn electrodes. As
expected, both types showed complete superconducting transitions to zero resistance

below the bulk transition temperature of Sn. R-T curves of several Sn/SnNW/Sn
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structures in PC membrane are presented in Fig. 3.11. Normalized resistance drops to

zero below T.(Sn).
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FIG. 3.11. Resistance versus temperature data of short Sn NWs between Sn electrodes. R values were

normalized to those at 300 K

We have also measured the field dependence of the resistance and /-7 curves on
many Sn/SnNW/Sn samples. Fig. 3.12 shows the data from one typical Sn/SnNW/Sn

sample. The R-T curve shows a clear and sharp transition from 50 Ohms to 0 at the bulk

Sn transition temperature, 3.7 K.
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FIG. 3.12. Transport data of a short Sn/SnNW/Sn sample. Top: R-T curve and R-H curves from left to
right; R-H curves were measured at 7= 2, 2.5, 3, 3.5, 4, 5 K from right to left; Bottom: ac and dc I-V

curves at T=2,2.5, 3, 3.5, 4 K with decreasing critical current

The critical field of the nanowire is estimated to be about 0.1 T from the R-H curves
measured below 7.. The nanowire showed a typical Type-II superconductor behavior
with H, far greater than that of the bulk Sn metal. We have also observed a jump in the
resistance at a small field of 200 Oe which agrees well with the critical field of the Sn

electrode measured independently. This jump is consistent with the proximity effect
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because as the thin film electrode is driven to normal at the critical field, part of the
nanowire sample is also brought to the normal state due to the inverse proximity effect.
Since the wire is only 6 um long, the normal portion can change significantly the
resistance value of the entire system. However, such an effect in long nanowires is not so
significant since the length of the normal part affect by the electrode is only a small
portion of the total length. This is clearly shown in Fig. 3.13 as the inset. All of the

samples show a zero resistance below the bulk Sn transition temperature.
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FIG. 3.13. Resistance-temperature data of long Sn NWs grown between Sn electrodes. Inset: R-H curves

of one sample at 7= 2, 2.5, 3, 3.5, 4 K from right to left
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3.2.3 Pb/SnNW/Pb

The data for Pb/SnNW/Pb show clearly a long-range proximity effect. The Sn NWs
become superconducting right below the 7. of the Pb electrodes. For all the 8 short and
13 long Pb/SnNW/Pb structures we have measured, the proximity-induced
superconducting state shows a zero resistance below 7.(Pb), as shown in Fig. 3.14. The
R-H curves all show a significant jump at the critical field of the Pb electrodes, which is

about 0.1T at 2K [77].
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FIG. 3.14. Transport data for a short Pb/SnNW/Pb sample with diameter of the nanowire equal to 100
nm. Top: R-T (left) and R-H (right) curves, R-H were measured at 7= 2, 4, 6, 6.5, 7, 7.5 K with field
perpendicular to the wire; Bottom: dc I-V curves at T= 2, 4, 5, 5.5, 6, 6.5, 7 K with decreasing critical
currents (left); Ac I-V curves measured at 7 = 2K under magnetic fields equal to 0.2, 0.4, 0.5, 0.6, 0.7 T

with decreasing critical currents
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The I-V curves of the sample in Fig. 3.14 do not show a hysteretic behavior, although
the transition was sharp. In the ac I-Vs, we observe a continuous change from sharp, one-
peak transitions to more continuous, multi-peak transitions. This indicates that those
samples which only have smooth transitions at low temperatures may have a
superconducting state that has been already compromised by either physical structure or

the environment, even before applying any external magnetic field.
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FIG. 3.15. Dc (left) and ac (right) I-V curves of two Pb/SnNW/Pb samples with length of the nanowires
equal to 60 pm. Arrows indicate current sweeping directions. These I-V's were measured at 7= 2 K with dc

and ac /-Vs measured simultaneously
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For long Sn nanowires, besides the difference in the R-H curves as we have shown
for long Pb wires, we have also observed two types of I-} characteristics. An example is
shown in Fig. 3.15 for one type at the top and the other at the bottom. Besides the
apparent different order of magnitude of the critical current (more than ten times), the
top one doesn’t show any significant hysteretic behavior as is seen in the dc /-Vs at the

bottom.

3.3 Zinc (Zn) nanowires

Since the transition temperature of bulk Zn is 0.85 K, we can only measure
superconducting properties of them by using dilution refrigerator instead of the PPMS.
For the electrodes, we can choose Au, Pb, Sn or Zn. However, because the complication
of using the dilution refrigerator system, only several samples survived the long cooling
down process after trying many times. The measurement of two long Au/ZnNW/Au
samples was successful and a sharp transition in dc /-V curves was recorded below 7 =
0.85 K. Our effort was focused on the proximity-induced superconductivity, in

Sn/ZnNW/Sn and Pb/ZnNW/Pb samples.

3.3.1 Sn/ZnNW/Sn

For all the 8 long and 12 short Zn NW samples we have measured, superconductivity
was observed below the 7, = 3.7 K of bulk Sn. Interestingly, in addition to many
samples that have zero resistance below the transition, we have also observed some
cases in both short and long nanowire samples display a non-zero resistance below the

transition temperature. We show the R-T data for samples of both short and long Zn
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nanowires in Fig. 3.16. Normalized resistance of the samples showed different behavior
below transition temperature, indicating that the electrodes have different effects on the
Zn NWs. In other words, the proximity effect has different strength among otherwise
similar samples. Similar to those observed in Fig. 3.9 for long Au/SnNW/Au samples,
the RRR plays a systematic role for deterniming the strength of the proximity effect.

More discussions will follow in Section 4.
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FIG. 3.16. R-T curves for short (left) and long (right) Zn nanowires in between two Sn electrodes.

Resistance was shown after normalized to their resistance at 300 K
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FIG 3.17. Transport studies of a Sn/ZnNW/Sn sample with length of the nanowire equal to 60 pm. Top:
R-T and R-H curves measured at 7 = 2, 2.5, 3, 3.5, 4, and 5 K, from right to left. Bottom: (left)dc /-
curves at 7= 2, 2.5, 2.75, 3, 3.25, 3.5, 3.7 K as curves moves to the center; (right) R-T curves under fields

of 0, 200, 400, 600, 800, 1000, 1200, 1400, 1600 Oe from right to left

As a typical example, we show the transport data for a Sn/ZnNW/Sn sample in Fig.
3.17. Induced superconductivity is observed in the 60 um-long nanowires. The long Zn
NW has a zero resistance below the transition temperature of the Sn electrode. However,

as we noticed in the R-H curves, the resistance jump at low field shifted and become less
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prominent than those in the short wires. This becomes clear after we measured the
critical field values of the thin film electrodes. We found that the critical field of the film
electrode also changed to higher values possibly due to more and bigger holes in the film
and can be as large as 0.1 T for Sn films.

The I-Vs of this system show a new feature as shown in Fig. 3.17, with many steps in
the dc I-V curves as the temperature or the magnetic field was changed. The steps are
accompanied by oscillations between two adjacent states. These can be attributed to the

formation of phase-slip centers (PSC) [48] along the nanowire as we describe in details

later.
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FIG. 3.18. [-V characteristics of the same Sn/ZnNW/Sn sample. Dc (right) and ac (left) /-Vs with
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In the ac I-V curves for the same sample in Fig. 3.18, we found the existence of both
sharp peaks correspond to the sharp dc -V transitions and multi-peak feature
corresponding to the region with a finite resistance value. This multi-peak feature
resembles those found in wires with finite residual resistance as shown in Fig. 3.4 for
long Au/PbNW/Au samples. This feature suggests the existence of normal parts along

the wires below the transition temperature.

3.3.2 Pb/ZnNW/Pb

We have measured two short Zn NWs grown between Pb electrodes as shown in Fig.
3.19. Field dependence data and /-Vs for one sample are also presented. With the short
sample showing a significant resistance jump around 0.1 T at 7 = 2K, we can further
confirm the relation of such a feature to the wire length. The /-V characteristics are very
similar to those measured in Pb or Sn NWs with Au electrodes. Namely, they both have
the smooth transition and the multiple peaks feature. Knowing the zero-resistance state
below the transition, we conclude that the zero-resistance superconducting states
observed in R-T curves may have various behaviors in /-Vs. These measurements tend to

give more information about the robustness of the superconducting state.
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FIG. 3.19. Transport data of short Pb/ZnNW/Pb samples. Top: (left) normalized resistance-temperature
data for two samples; (right) R-H curves at 7= 2,4,6,7,7.5,8 K for one sample; Bottom: ac (left) and dc

(right) I-Vs for the same sample with color indicateing different temperatures

Proximity-induced superconductivity in a 60 um range was fully observed in
Pb/ZnN'W/Pb structures made with AAO membranes. R-7 data from 22 samples that we

have measured are plotted in Fig. 3.20. Interestingly, we found many samples have a
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non-zero resistance below the transition at 7.2 K, similar to those observed in

Sn/ZnNW/Sn structures.

10

FIG. 3.20. Resistance versus temperature data of long Pb/ZnNW/Pb samples. Resistance is normalized to

their values at 300 K

We have tried to measure such samples in a dilution refrigerator to investigate the
transition near transition temperature of bulk Zn. However, the samples which finally
survive to the temperature range all happened to have zero resistance below the Pb
electrode transition, 7.2 K. Many /-Vs have been successfully measured. With features

similar to those observed in long Sn/ZnNW/Sn samples, we have recorded a number of
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systematic steps in the dc /-V curves as those presented in Fig. 3.21. Such a feature was

observed in all the long NWs described previously.
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FIG. 3.21. Dc I-Vs of a Pb/ZnNW/Pb sample with length of the nanowires equal to 60 um. left: de /-Vs
at 7= 4K under magnetic fields of 0, 200, 400, 600, 800, 1200, 1600, 1800, 2350, 3000 Oe, from right to
left; Right: dc I-Vs at T = 2K under fields of 0, 500, 800, 1000, 1150, 1500, 2500, 3000, 5000 Oe, from

right to left

The phenomenon is explained in terms of the induction of phase-slip centers (PSC)

along the nanowire, as established in earlier years to explain similar feature in
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superconducting micro-bridges and constrictions [49, 78]. By changing the temperature
and the magnetic field, PSCs can be generated one after another along the wire. With
available data from the /-J curves, we can estimate the size of such PSCs, as we will

describe in Section 4.
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4. DATA ANALYSIS: PROXIMITY-INDUCED SUPERCONDUCTIVITY IN

SINGLE-CRYSTAL NANOWIRES

In this section, we summarize the transport measurement results and present our
primary data analysis based on all the data we have obtained. Since there are many
features of the phenomena, the analysis will be organized with different focus in each

subsection. Nevertheless, all of these different perspectives are inter-related.

4.1 Long-range proximity effect

Electrode-induced superconductivity is the obvious conclusion based on the
resistance (R) versus the temperature (7)) data. This proximity effect is reflected by two
types of observations. Namely, the suppression of superconductivity in superconducting
(Pb, Sn) nanowires by normal metal (Au) electrodes and the induction of
superconductivity in Sn and Zn nanowires above their respective bulk superconducting
transition temperatures by superconducting electrodes having higher transition
temperatures. Both observations are clearly demonstrated in Fig. 4.1, where R-T data

from samples having different nanowire/electrode combinations are plotted together.
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FIG. 4.1. Proximity effect observed with R-T curves of various structures. Top: R vs. T for 6-um-long Sn
NWs of indicated diameters with electrodes of (a) Au, (b) Sn, and (c) Pb. Notice that superconductivity is
suppressed with Au electrodes, but with Sn or Pb electrodes Sn NWs are superconducting at the respective
T. of the electrodes. Bottom: R vs. T for 60-um-long NWs of d = 200 nm. (d): Partial suppression of
superconductivity shown for Pb NWs with Au electrodes (upper two curves) and fully superconducting Pb
NWs with Pb electrodes (lower two curves). (e): Superconducting at 7.(Pb) for Zn and Sn NWs with Pb

electrodes. (f): R vs. Tup to 300 K showing the large RRR values of Sn and Zn NWs
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For 6-um-long Pb and Sn NWs in contact with Au electrodes, we did not observe
any signature of superconductivity down to 1.8 K, however, when 6-um-long Zn or Sn
NWs were in contact with superconducting electrodes having a higher 7., they became
superconducting at the 7, of the electrodes. This is shown by the top frames in Fig. 4.1
for Sn NWs. For 60-um-long NWs, superconductivity in Pb and Sn NWs was only
partially suppressed by Au electrodes as shown by Fig. 4.1 (d) for Pb NWs, yet,
superconductivity induced by Pb electrodes in Zn and Sn NWs was robust, as shown by
Fig. 4.1 (e). Fig. 4.1 illustrates a PE in NWs of up to 60 um in length. These single
crystalline NWs had large residual-resistance-ratios (RRR) values of up to 50, as shown
by Fig. 4.1 ().

Considering the traditional picture of proximity effect (PE) between a normal metal
(N) and a superconductor (S), either the suppression or the induction effect in a long
range can be achieved by making a clean S-N interface and high quality S/N materials
[73, 79]. We believe that our samples, single-crystal nanowires with in situ contacts to
the electrodes, are superior in both respects. However, normally, the proximity effect is
bounded by the normal electron coherence/thermal length in the material [37, 58]. In the
clean limit, the thermal length L7 is 2 um at 7.2 K and 3.8 um at 3.7 K for Sn and Zn,
about half the length of 6-um-long NWs. Therefore, coherence over the length L7 cannot
be excluded as the origin of the PE in 6-um-long NWs. However, it is much too short to
account for the PE in 60-um-long NWs. This long-range effect definitely calls for new

physical pictures.
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FIG. 4.2. Transport data of an electrode and nanowire with changing temperature and magnetic field. (a):
R vs. T for a 60-um-long Sn NW with Pb electrodes at transverse fields of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,
and 1.4 kOe for curves from right to left. (b): R vs. H in the same orientation for a Pb electrode at selected
temperatures. (c): T, or H, determined from (a) in open circles and from (b) in filled circles. Other open

symbols are from other 60-um-long Sn NWs with Pb electrodes
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This anomalous long-range PE was studied further by measuring the field
dependence of the resistive transitions. We illustrate using a set of data from a 60-um-
long Sn NW (d=200 nm) grown with Pb electrodes. We plot the resistive transitions of
the Sn NW (Fig. 4.2 (a)) and one Pb electrode (Fig. 4.2 (b)), with the field H applied
transverse to the NW (parallel to the Pb film electrodes). We define 7, or the critical
field H. at the mid point of a transition. In Fig. 4.2 (c), we plot the H, of the Pb electrode
(solid circles) and the 7. of the Sn NW (open circles), showing consistently that the
transitions of the Sn NW tracked that of the Pb electrode. Additional open symbols in
Fig. 4.2 (c) were obtained from other Sn NW grown with Pb electrodes.

As we presented in Section 2, our structural and compositional analyses using SEM
and TEM have clearly illustrated the structure of the electrode-nanowire-electrode
structure and ruled out any measurable mixing of the electrode materials into the
nanowires. Therefore, we are confident that our transport data have demonstrated the
observation of an anomalous long range proximity effect.

As mentioned earlier, the unique contacting method we used is likely another
contributing factor for such effect. Considering a cylindrical NW of diameter d forming
an ideal contact with a perpendicular infinite plane of resistivity p, the resulting contact
resistance (p/2m)|In(d/2)| is negligible. We believe it is crucial to form virtually ideal
contacts between a NW and the electrodes with a near perfect transparency at the
interfaces. This is probably possible with our in sifu method since electroplating is a
reduction process which may effectively clean the oxide layer off the electrodes and

produce an atomic-scale inter-diffusion layer at the interface. A near perfect
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transparency at the interface is critically important if similar long-range proximity
effects are to be reproduced in single-crystal NWs with electrodes fabricated using

electron-beam lithography [60].

4.2 I-V characteristics and phase-slip centers (PSC)

The I-V data presented in Section 3 illustrate that they are a sensitive approach for
detecting fine features in the superconducting state below 7. As a good example,
samples with a zero resistance below 7, may have critical current (/) varying by orders
of magnitude. Many of our analyses of the /- data have shined much light in
understanding the proximity effect and many aspects of the superconducting states in the
nanowires (NW).

The I-V data we have obtained from a variety of samples have covered a wide range
in both characteristic features and values of the critical current. It is useful to define
several key parameters to the /-V characteristics. They are: (1) The value of the critical
currents at 7= 2 K, /; (2) The sharpness of the transition in the dc /-V curves at the
lowest temperature (2 K) and in zero external field; (3) The hysteresis in both the dc and
the ac I-V curves when changing the sweeping directions of the current; (4) The voltage
steps in the dc -V curves corresponding to the phase-slip centers (PSC); (5) Single peak
or multiple peaks structures in the ac /-V curves related to Andreev reflection at the S-N
interface [80, 81].

One of the most interesting features in the /- curves is the voltage steps observed in

dc I-Vs of many samples. This feature provides useful information for further
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understanding the proximity effect. Approaching H,, the I-Vs showed reproducible and
regular steps identical to those seen in superconducting whiskers [82], microbridges [48],
and NWs [83]. Besides the ones we showed in Section 3, we add another interesting
sample with pronouncing features, as shown in Fig. 4.3.

Such a Pb/ZnNW/Pb sample with a nanowire length of 60 um was measured at 2 K
with the magnetic field applied perpendicular to the wire. Compared to samples which
only show steps at high magnetic fields, this sample has three steps in the dc /-V" at zero
field. Since the generation of phase-slip centers (PSC) contribute to the steps, this
suggests that PSCs can exist even without an external disturbance if the sample itself has
some intrinsic sources, e.g. structural defects. Apparently, this happens even when the
sample has a zero resistance state. However, based on the /- curve (black) in zero
magnetic field, the transition at the first step already starts to become continuous (the
bottom one in Fig. 3.4 ), compared to the one-step transition observed in other samples.
This may suggest the start of the collapse of the superconducting state.

Another interesting feature we have observed in Fig. 4.3 is the random jumping
between two continuous /-V parts separated by a single step. Besides suggesting the
existence of a meta-stable state, this further suggests that the generation of one step
corresponds to the addition of a resistive portion along the wire [48]. Such increase in
resistance reduces the current and hence may bring the resistive state back to the
superconducting zero-resistance state. The random jumping also suggests the stochastic

nature of the generation of PSCs [37].
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FIG. 4.3. [-V curves measured on a 60 um Zn nanowires with Pb electrodes at 2.0 K in transverse fields.

The fields are 1.0, 1.2, 1.4, 1.6, 1.8. and 2.0 kOe for curves from the right to the left

The random jumping feature was observed in a number of samples. The one shown
in Fig. 4.4 displays more pronounced effects. Considering the jumping mechanism as
described above, the number of jumps near one step should increase with smaller
ramping rate of the current. Such experiments have been done for the sample in Fig. 4.4.

Results were consistent with this prediction.
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FIG. 4.4. I-V curves measured on a Zn nanowires with Sn electrodes in zero field. They were measured at
temperatures of 3.70, 3.50 , 3.40 , 3.25, 2.75, 2.50, 2.25, and 1.80 Kelvin for curves from the left to the

right

The observation of PSCs is not only useful for identifying the details in the
collapsing of a superconducting condensate. More importantly, it gives useful
information for understanding the long-range proximity effect. As a demonstration,
current-biased /-7 curves were measured on a Sn NW at 2 K for various transverse fields,

and plotted in Fig. 4.5 (a) for H between 0.8-2.5 kOe.
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FIG 4.5. Dc I-V curves of a Pb/SnNW/Pb sample with changing temperature and magnetic field. (a):
Hysteretic /-V curves measured at 2 K on a Sn NW with Pb electrodes for various transverse fields are
shown for one sweep direction only for clarity. H = 0 for the thick black curve. /. decreases with
increasing H. (b): Data near the origin of (a) is re-plotted on a finer scale for H between 0.8 and 2.5 kOe to
show the reproducible regular steps. (c) /. vs. H (filled triangles) and /. vs. T (open triangles) determined
from the /-Vs in (b) and (d). Up and down triangles are for the ascending and descending sides of the I-V's,
respectively. (d) I-Vs in zero field measured at 7 = 2, 3, 4, 5, 5.5, 6, 6.5, 7, 7.1, and 7.2 K for

distinguishable curves from right to left
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We identify the critical current /. by the first step in an /-V, or, when the slope of an
I-V shows a sudden increase from the slope at zero-bias for H very close to H,. Fig. 4.5
(b) is a plot of 1. vs. H (filled triangles) at 2 K, showing that H, is 1.3-1.4 kOe, consistent

with H,. = 1.35 kOe obtained at 2 K in Fig. 4.5 (¢).

The steps in the /I-Vs reveal the successive establishment of spatially localized phase-
slip centers (PSCs) [48] as certain spots along a NW have smaller /.. Associated with a
PSC is an oscillating gap parameter [57] in a core length 2&7), with & = 230 nm well
below 7. for Sn [68]. The length of the PSCs is twice the non-equilibrium quasi-particles
diffusion length 4 [84]. Following Skocpol et al. [48], we found 24y = 10 pm using the
voltage steps and the corresponding /., consistent with early results from Sn
microbridges [48] and recent results from electroplated Sn NWs [60]. Similar multiple
steps were also observed in /-Vs measured between 6.5-7.2 K (near 7¢(Pb)) in zero field,
and we plot /. vs. T in Fig. 4.5 (¢) for H = 0 showing that 7.= T.(Pb) as indicated by the
arrow. Superconductivity was induced at 7,(Pb), as we did not observe any signature for
a transition at 7,(Sn). We note that multiple steps were not observed in 6-um-long NWs,
possibly because this length was shorter than 24,.

The hysteretic I-V curves are shown again in Fig. 4.5, as we have seen in several
examples in Section 3. This phenomenon has been previously observed in other systems
[55, 75, 85]. The hysteresis is often characterized by the difference between the
switching current /; and the retrapping current /, [37]. The switching current is the
current level at which the measured sample switches from a zero voltage (or very low

voltage) stage to a resistive state by increasing the bias current. The widely used
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definition of the critical current, /., is often equivalent to /,. Accordingly, the retrapping
current is defined as the current value at which the measured sample switches back down
to zero voltage with decreasing current. As found by both our own experiments and
reports from others, /, is quite accurately reproduced from sweep to sweep, since it
reflects the minimum current level at which the Ohmic resistive state is stable. However,
I; can be different on each successive sweep, reflecting the stochastic nature of the
fluctuation-induced switching process [37]. But it has a reasonably well-defined average
value. This has been observed in our experiments. The stochastic nature is demonstrated
by the random jumping of voltage between two steps shown in Fig. 4.4.

The hysteretic /-V curves was observed earlier in superconducting filaments and
explained in terms of self-heating hotspots [86]. Recently, improved understanding of
the hotspot model suggests its close relation to the understanding of the PSCs [37]. This
is because the heating in the superconducting state is always related to the finite
resistance generating by phase-slips and hence contributes to the generation of hotspots.
Similar behavior was also observed in under-damped Josephson junctions [37], where
the dissipative coupling to the environment in the tilted washboard potential of the
Josephson junctions creates phase instability. The run-away and retrapping of the phase
point, without regard to heating, produces such hysteresis. In recent reports of the
proximity induced superconductivity in carbon nanotubes [87], semiconductor
nanowires [88], and graphene [74], hysteresis has also been observed constantly. In these
reports, the hysteretic phenomenon was either explained in terms of under-damped

Josephson junction, or the hotspot model. In a recent theoretical work by Tinkham, et a/
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[89], by only considering the classical heating effects based on the measured R(7) data
instead of a microscopic model of phase slip rates, the authors were able to account for
the hysteretic nature of the /- curves.

To investigate the mechanism for the hysteresis in our nanowire samples, we have
tried to measure the /-V curves with different sweeping rates, dwelling time between
different sweeps, and staying different intervals at the highest current point. The typical
data was shown in Fig. 3.6. If Joule heating is the major reason for such an effect,
sweeps with different rates in the high current regime should show significantly different
slope in dc I-V curves. However, such a difference was not observed. All the sweeps
follow the same trace in the high current regime. Even after a prolonged stay at the same
current spot, the slope was not changed. The bias current actually determined the slope
and voltage value, excluding contribution from time related factors, on which the heating
effect should be linearly depending. These results indicate that the hysteresis observed in
superconducting nanowires is not, or at least, not fully generated by the Joule heating
effect. This also can be further understood by considering the special geometry of the
sample. A superconducting nanowire falls into the middle of the two cases described
above. Phase-slip centers act qualitatively like weak link Josephson junctions in series.
The heating effects can also be very important because of the difficulty in dissipating
Joule heat through a long wire. For our samples, since the wires are thermally connected
to the molecular membrane throughout the whole length, Joule heating may turn out to

be a less important factor.
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4.3 Proximity effect versus residual-resistance-ratio (RRR)

The anomalous proximity effect has been consistently observed in about 160 NWs
with various electrodes. As we have already stated, the unique combination of the high
quality of the wires and the contact transparency likely plays an important role in the
observed proximity effect. In Section 2, the single crystal structure of the nanowires

illustrated by TEM studies confirms the quality of the nanowires.
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FIG. 4.6. Suppression of superconductivity in long Au/PbNW/Au samples versus RRR. Right:
normalized R-T curves; Left: R(2K)/R(7.5K) or R(4K)/R(7.5K) versus RRR for each sample in the right

graph
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It is generally true that single-crystal wires make good conductors and hence
elongate the superconducting coherence generated by the electrodes [90, 91]. In this
subsection, I am going to use the residual-resistance-ratio (RRR) as a parameter that we
obtain in transport measurements to further study the relation between the quality of the
wires and the strength of the proximity effect.

For the R-T data shown in Fig. 3.2 for long Au/PbNW/Au samples, we plot again
R(T)/R(300K) vs. the logarithm of 7 up to 300 K in Fig. 4.6. This log(7) graph gives
both the R behavior in the full temperature range and the detailed structure at low
temperatures. To characterize the proximity effect caused by the normal Au electrodes,
we mornalize the non-zero resistance below 7., R(2K) or R(4K) depending on which
better represents the trend, by the resistance above the transition temperature, R(7.5K) to
characterize the strength of the proximity effect. The RRR was easily calculated by
using the inverse of R(7.5K)/R(300K) obtained in the R-T curves. Although the dots
don’t converge to a straight line, a clear trend is obvious: samples with bigger RRR tend
to be less resistive below T.. In other words, wires with higher quality tend to have
stronger superconducting state that is less affected by the normal electrodes connected to

them.
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FIG. 4.7. Normalized R-T data of short (left) and long (right) Sn/ZnNW/Sn samples. Inset: R(2K)/R(6K)

plotted against RRR of selected samples in the left graph

On the other hand, superconducting electrodes should have stronger effect on the
normal nanowires connected between them. We use data obtained on Sn/ZnNW/Sn
structures to illustrate this point. Data from both long (60um) and short (6pm) wires are

plotted in Fig. 4.7.
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By using similar techniques we employed in Fig. 4.6, we plot in the inset of Fig. 4.7
R(2K)/R(6K) versus RRR for these sample. However, for many samples with practically
zero resistance below the transition temperature, it is not meaningful to plot R(2K)/R(6K)
versus the RRR values. Therefore, only the ones with finite resistance values below the
transition temperature are shown in the inset of Fig. 4.7. The logarithm of R(2K)/R(6K)
illustrates a certain trend in how the proximity effect depends on RRR.

In using the normalized resistance to characterize the proximity effect, we have
observed that for samples with zero residual resistance, the rate of resistance drop below
the transition temperature shows a systematic dependence on RRR. Therefore, we plot
the slope of the resistance versus the temperature curve below the transition temperature
as a function of RRR. Such analyses have been done systematically for both types of
samples and the results are presented in Fig. 4.8. Graph (a) shows that induced
superconductivity in NWs with small RRR was partial. Well bellow 7.(Sn), the residual
resistance and the resistance tail decreased consistently with increasing RRR. In Fig. 4.8
(b), we plot for various samples the slope of the low-T resistance tail d[In(R(T))]/d[InT]

versus RRR, with open (filled) symbols for 6-um-long (60-pm-long) NWs.
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FIG. 4.8. Proximity effect and RRR in various samples. (a): Normalized R vs. T for 6-um-long Zn NWs
with Sn electrodes. Diameters were 30, 80, 80, 80, 30, 30, 80, and 50 nm for curves from the top to the
bottom. (b): Normalized R vs. T for 60-um-long Zn NWs of diameter 200 nm with Sn electrodes. (c): The
slope of the low-T resistance tail vs. RRR for various samples. Open symbols are for 6-um-long NWs: o
for Sn NWs with Pb electrodes, o for Zn NWs with Sn electrodes, and A for Zn NWs with Pb electrodes.
Filled symbols are for 60-um-long NWs: A for Zn NWs with Sn electrodes and m for Sn NWs with Pb
electrodes. (d): Normalized R vs. T for 60-um-long Sn (black curves) and Pb (non-black curves) NWs

with Au electrodes
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For 6-um-long NWs, partially induced superconductivity for RRR < 2 may still be
explained by coherence over the length Ly, however, the sharp increase in
d[In(R(T))]/d[InT] for larger RRR values signals the onset of a new long-range PE. We
also observe in the lower part of Fig. 4.8 (b) that, for NWs having small RRR values,
induced superconductivity was much weaker in 60-um-long NWs than in 6-um-long
NWs. The highest RRR values for our NWs of d = 200 nm was near 50. In comparison,
earlier measurements of annealed bulk samples of Pb, Sn, and Zn obtained RRR of 25-
33, 75-85, and 67-77, respectively. For the Sn NW (d = 200) in Fig. 4.8 (d), the residual
resistance above 7, was ~ 5 Q, giving a resistivity p ~ 0.26 uQcm. Using the Drude
model [77] and treating the system as a free-electron Fermi gas, we obtain an elastic
mean-free-path [ = 372/(e’ks*p) = 180 nm, where kr = 1.6x10° cm™ is the Fermi
wavevector and e is electron charge. We find that, for NWs having the largest RRR
values in each diameter group, / appears to be limited by d: / = 180 nm for d = 200 nm; /
=35 nm for d = 30 nm; / = 55 nm for d = 60 nm; / = 70 nm for d = 80 nm. However,
besides setting an upper limit on /, the role of the diameter in the observed PE is not

clear. In this study, d < & for Sn (£ = 230 nm) and Zn (& = 2 um) [68]. Studies of the

crossover to d > £ are highly desirable.
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5. CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

In conclusion, an anomalous long-range superconducting proximity effect has been
observed in an electrode-nanowire-electrode system. With electrodes having a higher
critical temperature 7, single-crystal Zn and Sn NWs of length up to 60 um are
superconducting at the 7, of the electrodes. The resistive transitions and /-V curves
measured at various H and T further confirm this long-range PE. The value of RRR
appears to play an important role.

We summarize below the data and analysis presented in Sections 3 and 4 to highlight

what we have achieved so far:

1) We have successfully fabricated a series of electrode-nanowire-electrode
devices to study the proximity effect in superconducting nanowires. Our
experimental methods have achieved both high quality of the nanowires (single-

crystal) and the nanowire-electrode contact.

2)  Our transport studies of the fabricated structures have demonstrated a complete
suppression of superconductivity by normal metal electrodes at the length scale
of 6 um and partial suppression at the length scale of 60 um.

3)  The proximity-induced superconductivity has been found to be robust in 60-pm-

long Zn and Sn nanowires by electrodes with higher transition temperatures.
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6)

7)

8)

82

This length scale is much larger than any previously reported range of
superconducting proximity effect.

Observation of regular steps in the dc I-V curves suggests the successive
generation of phase-slip centers (PSC) along the nanowires. The phenomenon of
PSC has been consistently observed in proximity-induced superconducting
nanowires. Analyses of the size of the PSCs are helpful to further understanding
the long-range proximity effect.

Hysteresis was observed in the dc /-Vs of many long nanowires. We find that
Joule heating can’t explain the hysteresis. Joule heating is closely related to the
generation of PSCs in the low resistance state.

Both sharp and smooth transitions near the critical current in the dc /-V curves
have been observed in different samples as well as in a single sample but at
various magnetic fields and temperatures. This provides further evidence for the
interaction of superconductivity in nanowires with the environment and external
disturbance. The multi-peak features in the ac /-Vs manifest multiple Andreev
reflections at the S-N interfaces existing along the nanowires.

A clear dependence of the proximity effect on the RRR values of the nanowire
structure has been found. This observation offers clues for understanding the
long-range proximity effect.

The microscopy studies we have carried out to investigate the compositional and
structural details of the fabricated device form the most thorough investigation

of nanowire related structures using template based electro-deposition method.
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It has revealed the details on the structural and chemical composition of the
samples, and provided strong support to the observed anomalous long-range

superconducting proximity effect.

5.2 Future work

Future work in this project will be focused on confirmation and further investigation
of the physical phenomena. The most applicable approach to confirm the effect is to
carry out transport measurements and microscopy studies on the same nanowires. We
are planning to combine lithography technique and etching to limit the area for
nanowires to make electrical contact so that we can locate the exact wire we measure in
transport studies. To further clarify the features in the /-V curves and the relation
between RRR and the proximity effect, more experiments will be performed with
samples having a broad range of RRR values.

Below is a summary of possible future work that can be done to further understand
the proximity effect.

1)  We can measure short Au/PbNW/Au or Au/SnNW/Au samples, where
superconductivity is fully suppressed, to even lower temperature range by using
a dilution refrigerator. Signatures of superconductivity may occur due to
stronger pairing potential at lower temperature.

2)  More studies can be carried out to systematically control nanowire growth
conditions to produce samples having desirable RRR values. In such way, we

can study long Pb/SnNW/Pb samples with partial induction of superconductivity
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due to small RRR. Resistance of such samples should have further drops around
near the Sn transition temperature.

3)  For long Pb/ZnNW/Pb samples with small RRR, finite resistance was found
below the Pb transition temperature. Experiments measuring the resistance of
the device near the Zn bulk transition temperature would be interesting. Such
experiments have to be done using a dilution refrigerator.

4) It will be ideal if we can image and measure the same nanowire. Efforts in
combing electro-deposition and lithography techniques are worthwhile in this
regard while still using the molecular membrane as templates. The self-
contacting method should be used to maintain good contact quality.

5)  We can also use the traditional e-beam lithography to define superconducting
leads on electroplated single-crystal nanowires. However, as we stated earlier,
special treatment has to be done to improve the contact transparency.

One may question the effect of superconducting electrodes if the NWs are made of
normal metals or materials having a higher critical temperature. Our experiments did not
test these possibilities since we have not found proper materials to fabricate such
samples. With the in situ method, we can only plate NW materials having a higher

reactivity than that of the electrode materials.
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