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Abstract

The application of single molecules as templates for nanodevices is a
promising direction for nanotechnology. In our research we use suspended
DNA molecules or suspended single­wall carbon nanotubes as templatesfor
making superconducting devices, and then study these devices at cryogenic
temperatures. Because the resulting nanowires are extremely thin, i.e. com­
parable in diameter to the templating molecule itself, their electronic state
is highly susceptible to thermal �uctuations. The most important family of
these �uctuations are the collective ones, which take the form of Little's
phase slips (LPS), or ruptures of the many­electron organization. These LPS
break the quantum coherence of the superconducting condensate, and render
the wire slightly resistive (i.e., not fully superconducting), even at tempera­
tures substantially lower than the critical temperature of the superconducting
transition. At low temperatures, for which the thermal �uctuations are weak,
we have observed the effects of quantum �uctuations, which lead to the phe­
nomenon of macroscopic quantum tunneling. In devices having two parallel
nanowires, we have observed resistance oscillations with magnetic �eld.
Such oscillations are a manifestly quantum­mechanical phenomenon that
re�ects the sensitivity of the supercurrent to the electromagnetic vector po­
tential. The modern fabrication method of molecular templating, reviewed
here, can be readily implemented to make nanowires from other materials,
such as normal metals, ferromagnetic alloys, and semiconductors.
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1 Introduction

Deoxyribonucleic acid (DNA) contains genetic instructions used in the devel­
opment and functioning of living organisms. The main function of DNA is to
store information over long periods of time, thus the molecule has to be very
robust. Chemically, DNA consists of two long polymers composed of simple units
called nucleotides and forming the well­known Crick­Watsondouble helix [1], the
diameter of which is� 2 nm.

A new �eld, known as DNA nanotechnology, has emerged recently. It relies
upon the unique molecular recognition properties of DNA molecules to create self­
assembling DNA constructs having useful properties [2]. DNA is thus being used
as astructural template, rather than as a carrier of biological information. Such
an approach has been used to create a great variety of two­dimensional periodic
patterns and networks, as well as three­dimensional constructs in the shapes of
polyhedra [3]. The templating functions of DNA have been demonstrated in
recent experiments in which a linear arrangement of nanoparticles, such as gold
nanoclusters or streptavidin proteins, was achieved on thesurface of the DNA
molecule [4]. It is becoming evident that DNA can be regardedas a “backbone”
for the fabrication of information­processing devices, chemical and biological
sensors, and molecular transistors at the nanometer­size scale [5, 6].

By taking advantage of DNA self­assembly capabilities [7], one can envision
using single DNA and/or self­assembled DNA constructs as scaffolding for the
creation of metallic or even superconducting networks of wires. One of the
easiest practical realizations of DNA molecular templating lies in the possibility of
creating a quite homogeneous metal coating on single molecules, which transforms
the molecules into thin metallic wires. In the �rst such experiments, a wet­
chemistry approach was used to metallize DNA [8, 9, 10, 11]. This approach
tends to yield rather granular wires, which typically exhibit very high electrical
resistance at low temperatures. These two problems (granularity and very high
resistance at cryogenic temperatures) are in fact related to each other. If the wire
is composed of weakly connected metallic grains, electronstend to localize on
these grains, due to the Coulomb blockade effect [12, 13, 14].This effect leads
to a strong increase of the electrical resistance as, at low temperatures, individual
electrons have great dif�culty passing from one grain to another. This is because
the metallic grains are so small that the addition of even a single extra electron
on a grain strongly increases the energy. This additional energy required for
a current to �ow through an inhomogeneous nanowire is not available at low
temperatures, for which thermal �uctuations are negligible. Thus, the main goal
in the development of the molecular templating technique amounted to �nding a
way of making homogeneous wires, so that the electrons in these wires could �ow
freely through them.
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Molecular templating (MT) [15], which is a physical rather than a chemical
method, offers the possibility of fabricating homogeneouswires, which can be
made very short (as short as� 30 nm) [16] and very thin, viz. as thin as�
5 nm or possibly even thinner [15, 17, 20, 21, 22]. The MT technique involves
the sputter­deposition of a thin metallic �lm over suspended (and dried) DNA
molecules [20, 27, 28] or a carbon nanotubes [15, 17, 21]. Theresults published
so far indicate that not all metals form homogeneous nanowires when deposited
on the surface of a carbon nanotube. Amorphous alloys, such as MoxGe1� x ,
provide wires having a high degree of homogeneity [15, 22]. For pure metals
the general tendency is to form disconnected grains when deposited on a carbon
nanotube [17]. On the other hand, some elemental metals, such as Nb [23, 21],
amorphous Os [21], and Ti[17], exhibit strong adhesion to the nanotube. These
metals can be used as “sticking” layers for other metals [17]. Thus, in the MT
method the choice of the material determines the morphologyof the resulting
nanowire. In this Progress Report we focus on wires made by a sputter­deposition
of Mo79Ge21 �lms [18, 19] over suspended carbon nanotubes or DNA molecules.
The elemental compositions of the alloy were as indicated (or similar to this),
and were optimized with the goal of obtaining the highest critical temperature for
the superconducting transition. This particular alloy shows an excellent adhesion
to nanotubes and to DNA. The MT method also has the virtue of creating wires
that are seamlessly connected to the measurement leads. Thus, the MT technique
provides an ef�cient solution to the general problem of making good electrical
contact to the nanowires under investigation.

Two types of experiments have been conducted on superconducting nanowires,
viz. measurements on single wires and ones on double­wire quantum interference
devices. Single­wire devices are used to study quantum coherence and deco­
herence effects in one­dimensional (1D) superconductors.A single­wire device
consists of two macroscopic superconducting �lms (to be called “electrodes” or
“thin �lm electrodes”), connected electrically to each other through just one in­
dividual superconducting nanowire. As long as it is not to high, the supercurrent
�owing from one electrode to the other through the nanowire is proportional to
the difference of the phases of the condensate wave functions in each of the elec­
trodes. If the wave function in the wire is coherent, the phase difference remains
unchanged (provided also that no voltage difference is applied) and the supercur­
rent remains unchanged over time. Thus, the resistance of the wire is exactly zero
if quantum coherence is unbroken. On the other hand, if the rate of occurrence of
decoherence events (i.e. Little's phase slips [26]) is not zero, a proportional volt­
age occurs between the electrodes. Thus, by measuring the voltage (with a weak
constant current being applied through the wire) we determine the rate at which the
phase­coherence­breaking phase slips occur. We �nd that atlow bias­current this
rate of phase slips follows the Arrhenius thermal­activation law. Similar results
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have recently been obtained in experiments on thin wires fabricated from high­
temperature superconductor materials [24]. No signaturesof quantum tunneling
of the LPS was observed in our short wires atlow bias­currents. However, at high
bias­currents, i.e. at currents close to the critical current of the nanowire, we do
observe a clear signature of quantum phase slips (QPS), viz.strong �uctuations in
the currents at which switching to a resistive state occurs [25].

Double­wire devices consist of two thin­�lm electrodes, connected electri­
cally to one another through a pair of parallel superconducting nanowires [27].
Such devices have enabled us to observe a novel quantum interference effect in
a magnetic �eld. Well­known examples of quantum interference include critical­
current oscillations in conventional superconducting quantum interference devices
(known as SQUIDs) [29, 30] and Little­ Parks resistance oscillations in thin­walled
cylinders [31]. In these examples, the periods of the oscillations are controlled
by the superconducting �ux quantum� 0(� h=2e) divided by the geometrical
area enclosing the magnetic �eld. (Here,h is Planck's constant and� e is the
electronic charge.) Our results on two­wire interferometers can not be explained
by the Little­Parks effect, which involves oscillations ofthe critical temperature.
We have provided a quantitative theoretical explanation for the observed period
and amplitude of the oscillations, by considering the gradients in the phase of the
superconducting order in the leads, which are generated consistent with the �ow
of Meissner screening currents. Based on this understanding, we constructed a
device that is sensitive to the superconducting wavefunction phase gradients and
have thus been able to measure phase differences [28].

2 Fabricating nanowires using molecular templates

The technique of molecular templating (MT) [15] can be used to fabricate homoge­
neous metallic wires having ultrasmall dimensions, i.e., of diameters signi�cantly
less than� 10 nm and lengths as small as� 30 nm. One important advantage
of MT is that, as produced, the nanowires are seamlessly connected to metallic
electrodes, thus making them ideal for transport measurements of various types.
Another advantage is that the technique can be generalized to various materials
and also to a range of geometries, if substrate molecules (ormolecular assemblies)
of the desired geometry can be synthesized and obtained in a suspended state.

In the MT method (see Fig. 1), fabrication starts with an Si (100) wafer covered
with a 500 nmthick layer of SiO2 (including a100 nmthick �lm of “dry oxide”
and a400 nmthick �lm of “wet oxide”) and a60 nmthick �lm of low stress SiN
deposited by LPCVD (low pressure chemical vapor deposition)over the oxide
layer [32]. In the next fabrication step, a narrow (� 100 nm) and long (� 5 mm)
trench is de�ned in the top layer of SiN using electron beam (e­beam) lithography
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Figure 1:Schematic explanation of the principle of molecular templating (drawing
not to scale). (a) MT method in the ideal case, with the molecule remaining
perfectly straight. A nanotube is positioned over a narrow (� 100 nm) trench
etched into the top SiN layer (yellow). The �lm of SiO2 positioned directly under
the SiN �lm is used to create an undercut via HF wet etching. In order to make
the a sample out of a metallic nanowire, the desired metal—typically Mo79Ge21 or
Nb—is sputter­deposited over the entire surface of the Si chip, including the the
molecule suspended over the trench. As the sputtered metal atoms (red circles)
stick to the suspended nanotube, a metallic nanowire forms onthe surface of the
nanotube. The electrodes, which are thin MoGe �lms, usually� 15� m wide, are
marked E1 and E2. In a real sample, the electrode smoothly transition into larger­
area contact pads, with at least two pads on each side of the trench. The contact
pads are not shown here. The segment of the wire located between arrows A and
B is suspended over the tilted sides (TS) of the trench, and therefore it appears as
a “white spot” when imaged using a scanning electron microscope (SEM). (b) A
similar sample, but with the molecule bending down into the trench. Such samples
do not show “white spots” in SEM images. Such an arrangement istypical for
molecules, such as DNA, which are �exible on the lengthscale of the trench width,
as they tend to adhere to surfaces and thus “prefer” to cross the trench at points
where the gap is the narrowest. 5



with PMMA resist, followed by reactive ion etching using SF6 plasma. A focused
ion beam (FIB) can be used instead of electron­beam lithography to form the
trench. An undercut (see Fig. 1) surrounding the trench is then formed by wet
etching in 50% HF for� 10 s. A less concentrated HF solution can also be used,
but the etching time should then be increased. The undercut develops because
the etching rate of the oxide is much larger than the etching rate of the nitride.
We typically try to make the undercut to be about300 nmin width, on each side
of the trench. The undercut is very important for proper device operation, as
it ensures that the electrodes formed in the subsequent metal sputtering step are
electrically disconnected everywhere except through the nanowire. The deposition
of molecules is done from the liquid phase, which can be a solution of �uorinated
nanotubes in isopropanol or a suspension of regular nanotubes in dichloroethane,
or a water solution containing� � DNA molecules. The solvent can either be
removed by blowing dry nitrogen gas over the sample or, in thecase of DNA
deposition, by placing the sample into a desiccator and pumping it out.

After the solvent is dried out, a metallic �lm is sputter­deposited over the entire
sample. For each sample only one sputtering run is made, in which the wire and the
leads are produced simultaneously. The sputtering system used was AJA ATC 2000
with the base pressure below� 10� 7 Torr . To keep �lms free of contaminants, the
sputtering rate should not be too low; typically it was� 0:13 nm=s. The sputterer
is equipped with a liquid nitrogen cold trap that is essential for reducing oxygen
and organic impurities in the sputtered �lms. Contaminationentering MoGe �lms
during the sputtering can heavily suppress their superconducting properties, and
thus should be avoided by all means.

After the sputtering, each molecule suspended over the trench has become
coated with metal, and thus is transformed into a very thin metallic nanowire.
The exact distribution of metal around the molecule is not well know, but in most
cases it is not important, as the diameter of the wire is smaller than or about equal
to the coherence length of the superconducting material used. Preliminary tests
involving transmission electron microscope (TEM) imagingof wires at various
angles suggest that most of the deposited metal sits on top ofthe nanotube, i.e.,
the molecule is not located in the center of the formed wire but, rather, it lies close
to the bottom of the wire [33].

After the sputter­deposition step, the Si chip is examined under a scanning
electron microscope (SEM) and a wire without any visible defects is selected. The
position of the wire is determined with respect to a periodicset of markers located
near and along the trench. The markers, which are simply numbers etched into the
SiN �lm and large enough to be clearly distinguished under anoptical microscope,
are spaced periodically with a step of� 20� m. Finally, the sample is spin­coated
with a photoresist and then subjected to photolithography,while the optical mask
alignment is guided by the markers. The purpose of the photolithogrpahy is
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Figure 2: A scanning electron micrograph (SEM) of a MoGe nanowire (gray)
suspended over a trench (black) and seamlessly connecting to two MoGe electrodes
(gray areas on the top and on the bottom). The white spots are visible on both sides
of the wire, indicating that the wire is straight and well suspended. The beginning
and end of one of the white spots are marked by arrows A and B, corresponding
to the A and B arrows of Fig. 1a. (Image provided by A. Rogachev.)

to protect the selected wire and, at the same time, to de�ne the electrodes and
the contact pads. After the photoresist is exposed and developed, the sample is
etched either in hydrogen peroxide (for MoGe) or it undergoes reactive ion etching
(RIE) (for Nb wires). As a result a sample is obtained that now has contact pads
connected to� 15� m wide electrodes, which approach the trench from opposite
sides, the wire serving as a weak electrical link bridging the trench and connecting
the electrodes to one other.

Unlike in the simpli�ed schematic drawing of Fig. 1a, in a practical device
the number of contact pads has to be at least four,[15] with two contact pads
connected to each of the electrodes. Usually, the mask is designed in such manner
that there are three contact pads on one side of the trench (instead of two). Having
an extra electrode allows one to measure the voltage drop on the �lm forming the
electrodes, and to determine its critical temperature.

The Si chip with the sample is installed into a plastic chip carrier with nonmag­
netic metallic pins. The connection of the contact pads to the pins is done using
gold wires and indium dots and/or conducting silver paste. The person making the
connections must always be grounded, in order to prevent theburning of the wire
with static electricity.

SEM imaging shows that MT­produced nanowires are continuous and ho­
mogeneous (Fig. 2). Some apparent surface roughness can be attributed to the
amorphous structure of the wire (meaning a random arrangement of atoms) and to

7



Figure 3:A transmission electron micrograph (TEM) of a nanowire templated by a
�uorinated carbon nanotube. The wire appears amorphous and morphologically
homogeneous, without any noticeable granularity.[34]

oxidation of its surface, as the nanowires are exposed to airduring the fabrication
steps. Imaging under a transmission electron microscope (TEM) con�rms that the
wires are structurally homogeneous and amorphous (see Fig.3).

2.1 Choice of templating molecules

The molecule used as a suspended substrate or template must be rigid enough,
stable and straight. The molecule must not break when the solvent evaporates.
It has to remain straight after the sample is dried and the molecule becomes
suspended by its ends. The sputter­deposition process usedto coat the molecule
with metal is a room­temperature procedure, which is mild enough that organic
molecules such as DNA can withstand the process and maintaintheir structural
integrity during the deposition. It was found empirically that an amorphous
molybdenum­germanium (MoGe) alloy has good adhesion to DNAmolecules
as well as to single­wall carbon nanotubes.[15, 27] To date,the MT technique
has been successfully used with various types of molecules,including carbon
nanotubes,[15, 17, 35] �uorinated carbon nanotubes (�uorotubes),[36, 37] DNA
molecules,[27, 28] and WS2 nanorods.[38] Amorphous InO was used as a coating
material in the case of WS2 nanorods.

Our experiments were done on nanowires templated by �uorinated carbon

8



nanotubes. These molecules, unlike regular nanotubes, areperfectly insulating,
because the� ­electrons on their surfaces are passivated with �uorine atoms.[37]
Thus, �uorotubes provide ideal templates for experiments in which the templating
molecules has to be insulating. For our applications we prefer the insulating
�uorotubes. Theoretical modeling of such devices is easier, because all applied
electrical current �ows in such devices through the metallic coating of the molecule.

2.2 Details of the deposition process for DNA molecules

We begin with a solution of� ­DNA in water, with concentration� 500� g=ml,
purchased from Promega. Although shorter­length of DNA could cross the�
100 nmgap,� ­DNA, which is � 16� m long, is readily accessible and was used
in all reported experiments. The stock solution of� ­DNA is very concentrated,
and must be diluted for the purpose of deposition over the trench, in order to
ensure that the average distance between molecules is many microns. Through
multiple trials,[40] it was found that diluting the stock solution (through a serial
dilution with pure DI water) to concentrations of 2 to5� g=ml works well for
producing areas along the trench where only one or two molecules cross the gap
every � 20� m along the trench. The width of the electrodes de�ned by the
photomask was� 15� m, so if the distance between molecules is more than that,
it is always possible to address one molecule. With this mask, for the purpose of
making a sample having two wires, one needs to �nd two wires crossing the trench,
such that the distance between the selected two wires is lessthan15� m, whilst the
distance to other wires is larger than 10 to20� m. Whenever we transfer a solution
containing DNA through a micro­pipette, it is recommended that one widen the
pipette output to� 1 mm in diameter, to ensure the easy passage of long DNA
molecules. After the solution of DNA has been diluted, a4� l drop is placed on the
surface of the Si chip containing the trench. The chip is thenplaced in a dessicator
to dry under vacuum. As the stock solution contains some buffer salts, which
dry as crystals on the surface, it is necessary to rinse the chip in DI water after
the DNA deposition. The� ­DNA molecules become heavily �xed to the surface
upon drying, due to van der Waals forces, and they do not wash away in DI water.
The end result is that some of the DNA molecules dry crossing the trench. An
important fact is that the molecules crossing the trench arepulled straight during
the drying process, and always dry nearly perpendicular to the trench. Probably,
owing to the van der Waals attraction, the DNA has a lower energy per unit length
when it is bound to the SiN membrane, compared to the suspended molecule.
Thus, the length of the suspended segment is minimized, leading to the result
that all suspended molecule are straight and roughly perpendicular to the trench
sides. After the sample is dried completely, it is ready for metal deposition. A
thin metallic �lm is deposited over DNA molecules, thus converting them into thin
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wires suspended across the trench.

2.3 Signi�cance of “white spots”

What we call “white spots” are the short, bright, regions visible on SEM micro­
graphs at the ends of many but not all of the nanowires. White spots occur near the
points where the wire connects to the electrodes (see Fig. 2). As we shall explain
in detail, below, the occurrence of such white spots on SEM micrographs indicates
that the wire is straight and coplanar with the leads. Thus, whenever possible, they
should be used as guidance in the wire selection process.

Amongst the many wires formed across the trench after the sputtering process,
it is necessary to select one that makes good electrical connection to the electrodes
and which is, preferably, straight and coplanar with the electrodes. It turns our that
in some cases the wire might not be coplanar if the templatingmolecule remains
on the surface down the entire tilted side, and crosses the trench somewhere at the
level of the bottom surface of the SiN �lm, as illustrated in Fig. 1b. In such cases,
the �lm electrodes would not be not connected to the wire directly, but through
the tilted regions on the inner sides of the trench, marked as“TS” in Fig. 1. (TS
stands for tilted sides of the trench.)

A typical width for the TS region is� 100 nm. The tilted sides of the trench
might not be as well metallized as the top surface of the SiN �lm. Therefore,
the TS regions can exhibit suppressed superconducting characteristics, unless the
nominal thickness of the sputtered superconducting �lm is large enough to cover
the TS regions well enough. Thus, it is important to know which of the two
con�gurations, shown schematically as Fig. 1a or 1b, is realized in any given
device. A way to distinguish between these con�gurations isto examine SEM
micrographs of the wire and check for white spots. White spotsdo occur if the
molecule is straight (see Figs. 2 and 1a), and do not occur if the molecule is
bending down into the trench and crossing the gap at the levelof the bottom
surface of the SiN �lm (see Figs. 4 and 1b). It is observed thatcarbon nanotubes
are more robust and show white spots in most cases, unless thetrench on which
the molecule is placed is very wide, i.e., much wider than� 300 nm. DNA
molecules, on the other hand, are �exible, so they almost never show white spots
(see Fig. 4a), even if the trench is as narrow as100 nmor less. This indicates that
the molecule crosses the trench at the bottom surface of the SiN membrane. This
fact was directly con�rmed via the imaging of tilted samples, which shows that the
suspended DNA molecule cross the trench near its bottom (seeFig. 4a), probably
because the width of the trench is slightly smaller there. So, when DNA molecules
are used as templates it is necessary to sputter thicker superconducting �lms, in
order to ensure that the TS regions, which are measured in series with the wire,
do not reduce superconducting characteristics, such as thecritical temperature
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Figure 4: SEM micrograph of nanowires made using DNA templates.[40] The
wires appear morphologically homogeneous, without noticeable granularity. The
apparent width of the wires are indicated on each image. The actual width of the
metallic core is thinner than the indicated number, e.g., due to surface oxidation
(usually by5 nm), carbon coating of the wires during SEM imaging, or SEM
resolution limitations. (a) Top view of a sample with a trench(black) crossed by
six nanowires templated using DNA molecules. (b) SEM image ofa tilted sample,
which shows that DNA crosses the trench at the trench bottom. The two horizontal
dashed lines with letters TS show the width of the membrane, which is called the
“tilted side” in the text.

and the critical current of the device. Typically, we had to sputter at least9 nm
MoGe �lms in double­wire devices that were templated by DNA,in order to make
samples fully superconducting.[27] As the metal deposition process used here
is sputtering, which is not a directional process, coating of the tilted sides with
metal is not impossible, but simply requires a longer deposition time in order to
allow the sputtered metal to coat well the TS region. White spots do not occur
when the wires are long, even if carbon nanotubes are used as the template. For
example, if the trench is� 500 nmwide, white spots usually are not observed.
Thus, if the metallic �lms are not thick enough, such long samples frequently show
multiple resistive transitions, due to the involvement of weakly superconducting
TS regions. This issue become critical in cases in which the �lms must be thin,
e.g., in studies of the superconductor­insulator transition (SIT).[16] Such studies
can only be done on relatively short samples, and only with nanotubes acting as
templates. The trench must be narrow because if it were widerthan� 300 nmthen
the deposited nanotubes would frequently curve themselvesinto the trench.[16]
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Now we explain why such white spots occur. The beginning and end of one
such white region are indicated by the arrows marked `A' and `B' in Fig. 2. The
reason for the appearance of these bright regions at the endsof the wire is that
the segment of wire between points A and B is suspended over a tilted side of a
trench, and this tilted side is also covered by metal, as illustrated in Fig. 1a. In fact,
as the sputtering is a more or less isotropic deposition process, the TS becomes
metallized even underneath the wire. Thus, the micrograph contains superimposed
images of both the wire and the side of the trench right under it. Together, the wire
and the TS scatter more electrons, and thus make the ends of the wire brighter than
the central part of the wire positioned over the empty space of the trench. Figure 1
shows that white spots can only occur if the width of the trench is narrower at its
bottom than at its top. Exactly this situation occurs, due tothe isotropic nature of
the SF6 reactive ion etching(RIE), which is typically employed to etch the trench
into the SiN �lm.

3 Preparing the sample for measurements

After the electrodes are patterned, the sample is examined under an SEM. If
the number of wires connecting the electrodes is larger thanthe desired number
(which is usually either one or two), the undesired wires canbe removed using
FIB. In most cases, though, is was possible to avoid the FIB step by positioning the
photomask over a segment of the trench where there were only one or two wires
crossing the trench. A set of markers positioned along the trench is used to guide
the photomask alignment. The markers are typically5 to 10� m in size, so they
are clearly visible in the optical microscope used to align the mask. To place the
mask properly, the position of the selected nanowire is determined with respect to
nearby markers, under an SEM. At this stage, photolithography is done to protect
the selected wire with photoresist and to etch away the undesired wires. Such a
process allows one to make samples each having only a single nanowire. This is
possible because the concentration of wires can be made suf�ciently low, typically
one per every� 100� m of the trench length. If the distance between nanowires
is made larger than the width of the electrodes of the photomask then a single
wire can be addressed. After the fabrication process is �nished, the sample is
mounted for electrical measurements. The mounting procedure is very dangerous
for the wires, as this is when many of them are typically burned by unwanted static
electricity. To ensure the successful mounting of the wire,the person making the
mounting should be electrically grounded, e.g., with an anti­static wristband and a
seat that is sprayed with an anti­static solution. We mount the Si chip on to a plastic
chip carrier with six metallic pins (which are either nonmagnetic or only slightly
magnetic due to their Ni plating). Electrical connections between the pins of the
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chip carrier and the contact pads on the Si chip are made using50� m diameter
gold wire. First, four or �ve gold wires, each� 1 cmlong, are soldered to distinct
pins of the chip carrier. Then, a small piece of double­sidedsticky carbon tape
(which is typically used for mounting samples in SEM) is placed in the center of
the chip carrier, and the sample is placed over the carbon tape. The tape serves the
purpose of �xing the sample position. One needs to make sure that the tape does
not touch any of the pins of the chip carrier. Next, the free ends of the gold wires
are connected to the corresponding contact pad of the sampleusing � 250� m
diameter indium spheres. This is done as follows. One sphereis placed on the
contact pad and pressed from the top with the �at­backed surface of a stainless steel
drill bit (or with the end of a metal lead of a common commercial resistor). Then,
the corresponding gold wire is placed over the In dot and pressed again. Finally,
another In dot is placed over the gold wire and pressed one more time. The second
In dot is needed in order to reduce electrical resistance of the contact and make the
connection reliable enough that it can withstand the process of cooling the sample
down to cryogenic temperatures. With some training, such a connection process
allows one to connect thin gold wires to a thin­�lm MoGe contact pad of the
sample without using a soldering iron or ultrasonic bonder (either of which might
bring an unwanted voltage to the sample and thus burn the wire). Once all the pads
have been connected to the pins of the chip carrier, the chip carrier is inserted into
a matching socket positioned on one “cold �nger” of the cryostat. In most cases
a Janis3He cryostat (from Janis Research), which reaches down to a temperature
of 0:28 K. The sample is cooled exclusively through the measurement leads. The
leads, made of a resistive thin wire (e.g.,50� m nylon­coated nickelchrome alloy
wires, Stablohm 800A,' California Fine Wire Co., Grover Beach,CA, USA) are
wound (at least ten times) around the cold �nger, and coated with a thick layer of
dense silver paste and/or a layer of epoxy with mixed­in Cu particles. The thermal
connection of the leads to the cold �nger of the cryostat allows them to be cooled
to the base temperature. The coating of the leads with a glue containing metallic
particles cuts down electromagnetic noise (i.e., black­body radiation from the top
of the cryostat).[41] It is advantageous to select leads made of thin resistive wires,
as in this case they bring less to the sample less heat and noise loads. The leads
are connected to the metallic pins of a plastic socket, into which the chip carrier
is inserted. Thus, the pins of the chip carrier are cooled through the connection
to the leads. The pins of the chip carrier are connected through the gold wires to
the sample, ensuring the cooling of the sample's contact pads and, through them,
the entire sample, including the nanowire. The thermometer, a calibrated RuO (or
Cernox) resistor purchased from LakeShore Cryotronics Inc.,is mounted in the
same way as the sample, on a separate chip carrier. Thus, the thermometer is also
cooled to the base temperature through the leads, which are thermalized in the
same way as the wires leading to the sample. The sample and thermometer chip
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carriers are placed into the same socket, which has a suf�cient number of leads
and which was placed inside a brass­made, full­metal Faraday cage.

4 Electrical transport measurements

The sample is biased with an AC current at a frequency of� 11 Hzand amplitude
in the range 1 to10 nA. The current bias is achieved by using an ultralow­distortion
function generator (Stanford Research Systems DS 360). The voltage from the
generator is applied to the sample through a standard resistor having a value of
� 1 M
 , which is much larger than the typical resistance of the sample and the
leads connected to the sample (which is� 1 to 10 k
 ). Thus, the current through
the sample, connected in series with the standard resistor,is mostly determined
by the value of the resistor. This current is recorded, as a function of time,
by measuring the voltage across the standard resistor and dividing the measured
voltage by the resistance of the resistor. The voltage on thesuperconducting
electrodes is also measured (with a separate pair of leads) and recoded, as a
function of time. Both measurements are done using battery­powered preamps
(either Princeton Applied Research model 113 or Stanford Research Systems
model SR 560). After one period of the sinusoidally time­dependent bias current
is completed, the recorded voltageV is plotted as a function of currentI . Thus, the
V(I ) curve is obtained, and is plotted on the screen of a computer using LabVIEW
software. In order to determine the linear resistance of thesample (also called
zero­bias resistance), the current­bias amplitude is chosen to be small enough that
theV(I ) curve is linear. Then, the best linear �t to theV(I ) curve is found using
LabVIEW functions. The slope of the linear �t is de�ned to be the resistanceR
of the sample.

At low enough temperatures (. 1 K), typical nanowires, if they are not too
thin, show pronounced signs of superconductivity. Most notably, the resistanceR
of the sample becomes immeasurably small. For the type of measurement outlined
above, the lowest value ofR that can be measured is roughly1 
 . This lowest
value is called the “noise �oor” of the setup. As the temperature of the sample
is reduced below a certain value,R drops below the noise �oor and cannot be
measured. At such low temperatures, we perform a complementary measurement,
viz., a measurement of the switching currentI SW . To do this, the bias current
is slowly increased until a sharp, jump­wise increase inR is observed. In such
jumps,R increases from apparently zero up to the normal resistance of the wire
RN . The current at which the jump occurs is calledI SW . After the switching
event, the wire goes into the normal state, due to excessive Joule heating. To
return the wire to the superconducting state, one needs to reduce the bias current
considerably. The current at which the wire switches back tothe superconducting
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Figure 5:R(T) curve for a typical sample involving a single MoGe nanowire.[42]
The template used to make the wire was a �uorinated carbon nanotube. (a) Sample
resistance is plotted versus temperature in a linear format. The �rst resistive
transition, occurring at� 6 K, is due to the superconducting transition taking
place in the �lm electrodes that lead to the wire. The second apparent transition,
at � 3 K, corresponds to the occurrence of superconducting behavior in the
nanowire. (b) The same data as in (a), plotted in a log­linear format. The negative
curvature of the bottom part of the curve indicates that the wire resistance drops,
with cooling, at a rate that is faster than exponential.

regime is called the “retrapping current”I R.
A typical dependence of the sample resistance on temperature R(T) is shown

in Fig. 5. Due to the fact that the wire is connected in series with the thin �lm
electrodes, two resistive transitions are observed. To explain the occurrence of
the two transitions, we note that the voltage leads are not connected to the wire
itself (because the wire is very short) but to the electrodesconnected to the wire.
If the electrodes are in the normal state, the bias current �owing through the
electrodes causes extra voltage, and the measured resistance becomes larger than
the normal resistance of the wire. On the other hand, at� 6 K the electrodes
E1 and E2 (see Fig. 5) become superconducting. Thus, below this temperature
the measured resistance is entirely due to the nanowire. Such a conclusion was
con�rmed by independent measurements on thin �lm electrodes.[15] The second
transition (at� 3:5 K) is due to the nanowire losing its resistance. Wires made of
MoGe alloy always show a lower critical temperature, compared to �lms of the
same thickness. We de�ne the normal­state resistance of thewire RN to be the
sample resistance measured immediately below the temperature at which the leads
become superconducting, as shown by the arrows in Fig. 5.

Voltage­current characteristics, measured at various temperatures, of a typical
sample with a single nanowire are shown in Fig. 6. The larger arrows show the
directions of sweeping of the bias current. The switching current I SW is marked
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Figure 6: A series of voltage versus current curvesV(I ) of a typical sample
involving a single MoGe nanowire, measured at various temperatures.[42] The
switching currentI SW and the retrapping currentI R are indicated for the curve
measured at0:277 K. The corresponding temperatures are0:27 K (corresponding
to the highestI SW), 0:4 K, 0:6 K, 0:8 K, 1:0 K, 1:2 K, 1:4 K, 1:6 K, 1:8 K, 2:34 K.
In all cases it is found that as the temperature is increased the value ofI SW

decreases.
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by the upward arrow. When the bias current is increased to the value ofI SW the
wire switches abruptly to a resistive state, which is, in fact, the normal state of
the wire, maintained by Joule heating.[43] The retrapping current I R is marked
by the downward arrow. The transition atI R is also abrupt. It is clear from the
graph that the switching current is very sensitive to changes in temperature. As the
temperature is increased, theI SW decreases signi�cantly. On the contrary, theI R

is almost independent of temperature, until the temperature reaches a high value
of T � 2 K, at which a noticeable decrease inI R is found with increasing the
temperature.

5 Little's phase slip as a mechanism of supercurrent
dissipation

Consider a model: a thin superconducting wire forming a closed loop.[26] Suppose
the initial state of the system is such that the supercurrentI S in the loop is such
that0 < I S < I C, whereI C is the critical current of the wire, i.e., the current that
is suf�cient to destroy superconductivity. If �uctuationsare weak, such a state of
the system would persist inde�nitely. The analysis by Little[26] shows that only
strong �uctuations, viz., those that bring the order parameter to zero at some spot
along the wire, can cause the supercurrent to decay.

The reason is the following. In a superconducting wire,I S � �=L , whereL
is the wire length (or the loop length) and� is the difference in the phase of the
complex­valued wavefunction describing the superconducting condensate. The
phase difference is taken between the ends of the wire, if thewire is connected
to superconducting electrodes. In Little's model, the wireforms a loop, and so
� stands for the phase accumulated along the closed path coinciding with the
the loop itself. As the wavefunction must be single­valued,the phase difference
around a closed loop is always� = 2�n . Here,n is an integer, which sometimes
is called the “vorticity” of the state and can be regarded as the number of core­less
vortices trapped within the loop. (NB: We are assuming here that the magnetic
�eld is zero everywhere.) The fact is that unlessn is changed the currentI S cannot
change, becauseI S = const� � = const: � n. Little's topological analysis of the
loop model shows that the phase difference� can only change if a strong and rare
�uctuation occurs, such that it brings the amplitude of the complex wavefunction
describing the condensate (sometimes called superconducting “order parameter”)
to zero at some point on the wire. If this happens, the phase can change by2�
(or integer multiples of it.) One way to understand this is torealize that without a
magnetic �eld the supercurrent in the loop is proportional to the number of core­
less vorticesn trapped within the loop. To reduce the value of the supercurrent a
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vortex must be expelled from the loop. To exit the loop, the core of a vortex must
cross the loop at some point. Thus, there is an energy barrierfor such process,
which is roughly equal to the energy of the vortex core positioned somewhere
on the wire that forms the loop. The vortex core is simply a normal (i.e., non­
superconducting) region of size roughly the superconducting coherence length
� (T). At low temperatures, the free energy of the superconducting state is lower
than the free energy of the normal state, and the difference is given by the so­called
condensation energy densityH 2

c =8� . Thus, the energy barrier for such vortex­
crossing process� F can be estimated via� F � A�H 2

c =8� , whereA� is the
volume of the normal region associated with the normal core position on the wire,
the cross­sectional area of which isA. The event when a vortex trapped in the the
loop crosses the wire (that makes the loop) and escapes to in�nity is an example
of the so­called Little phase slip (LPS). The LPS event is illustrated in Fig. 7, from
which it is clear that (a) LPS can only occur if the order parameter (represented by
the radius of the order­parameter spiral) reaches zero (at least instantaneously ),
and (b) LPS cause a change of the phase­difference by2� , which precsiely means
that the spiral, representing the order parameter in the Argand diagram, loses one
turn.

The rate of thermally activated phase slips (TAPS),� T AP S , is governed by
the Arrhenius activation law and can be written as� T AP S = 
 exp( � � F=kB T).
Here,
 is some effective attempt frequency, which was estimated rigorously only
for temperatures near the critical temperature.[45] At lowtemperatures, when
thermal �uctuations are weak and the associated rate of phase slips is low, quantum
�uctuations might play a role and allow the vortices trappedin a loop to escape
by tunneling. Thus the supercurrent would decay due to quantum phase slip
(QPS). The rate of QPS is determined by the quantum action of the vortex core
crossing the wire and can be roughly estimated, following Giordano model,[?] as
� QP S = 
 QP S exp(� � F=kB TQ), where
 QP S represent some effective attempt
frequency of the quantum �uctuations of the order parameteramplitude andTQ

is a phenomenological parameter (quantum temperature) de�ning the strength of
quantum �uctuations.

One of the goals of developing the theory of phase slips is to be able to
predict the temperature dependence of the resistance of a thin wire, R(T), such
as those shown in Fig. 5. The main hypothesis needed for the calculation is that
even if the wire is not forming the loop but, instead, it is connected to some
external leads, which are used to inject the current into thewire, the resistance
of the wire would be determined exclusively by the LPS rate (assuming that a
dc measurement is considered). A detailed theoretical analysis of such situation
was given by Langer and Ambegaokar[47] and by McCumber and Halperin[45].
The corresponding theory is called LAMH theory. This theorydoes not take into
account the possibility of QPS but only treats TAPS.
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Figure 7:the original Little phase­slip diagram.[26] The complex superconducting
order parameter of a thin wire loop is drawn as a function of position along the
loop. “Real AXIS” and “i AXIS” represent the real and imaginary components
of the superconducting order parameter (x) = j�( x)j exp(i� (x)) . Two possible
con�gurations are shown, one for an order parameter in the sub­ensemblen = 0
(i.e., no vortices trapped in the loop), and the other one is for n = 1 (i.e., one
vortex present in the loop). Near the point A, 1(x) makes an excursion around
the origin of the Argand diagram, whilst 0(x) does not. The transition from the
n = 1 state to then = 0 state constitutes a phase­slip event. This transition can
be viewed as vortex escape, when the normal core of the vortex crosses the wire.
Hence, the transition between then = 1and then = 0 states can only occur if
the thermal �uctuation is strong and the order parameter reaches zero somewhere
along the wire, if only for a short period of time. Reaching zero is a necessary
condition, because the normal core of a vortex has zero order­parameter amplitude
at its center.
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Here, we list the corresponding formulas. Within the LAMH theory the re­
sistance is predicted to beRLAMH (T) = RQ(~
 T AP S =kBT) exp(� � F (T)=kBT),
where~ = h=2� , h is Planck's constant,kB is Boltzmann's constant,� F (T) is
the temperature­dependent barrier for a phase slips, andRQ = h=4e2 = 6:5 k
 is
the quantum of resistance (in which� e is the charge of the electron).[30] In the
LAMH model, the attempt frequency is given by[45]


 LAMH =
�
1=�GL

��
L=� (T)

� p
� F (T)=kBT : (1)

Here,� GL = � ~=8kB (TC � T) is the so­called Ginzburg­Landau relaxation time.
LAMH theory is only valid nearTC, because it is based on time­dependent
Ginzburg­Landau theory, which has a narrow range of applicability. By some
estimates,[48] it can only be applied in a narrow range, suchas0:9TC < T <
0:94TC.

Thus, it is desirable to have approximations applicable at lower tempera­
tures. These approximations rely on the Arrhenius factor alone, which is correct
down to zero temperature, provided that only thermal activation—but not quan­
tum tunneling—of LPS needs to be accounted for. (Quantum tunneling will be
discussed separately, below.) An approximate formula for the wire resistance
caused by TAPS isRAL (T) = RN exp(� � F=kBT). It can be referred to as the
Arrhenius­Little formula (AL) for the reason that the exponential factor is the
usual thermal­activation law, analogous to the Arrhenius law, and the prefactor is
the normal resistance of the wire. One can argue that such prefactor is reasonable,
based on the Little's hypothesis that each phase slip creates a region of size� (T)
that simply acts as normal metal and has an electrical resistance ofRN � (T)=L.
One needs to take into account the fact that each segment of the wire does not
stay normal at all times but, rather, becomes normal only in the rare event that
an LPS occurs on the segment under consideration.[49] It should be emphasized
that RLAMH andRAL are qualitatively distinct, in the sense that the prefactorof
RAL includes the wire's normal resistance, whereas the prefactor of RLAMH is
independent of the normal resistance of the wire. Yet, the role played by the
prefactor is negligible in all practical cases so that both formulas can be used to �t
the experimentalR(T) curves. This fact is illustrated in Fig. 8, where both types
of �t are shown, and both exhibit good agreement with the data. Thus, the LAMH
and AL formulas can be used interchangeably to approximate the experimental
results.

To complete the list of useful formulas, one needs the expression relating the
LPS barrier� F (T) to the critical current of the wireI C(T), which is[50]

� F (T) =
p

6(~=2e)I C(T): (2)

Another important result is the formula

� F (0) = 0 :83kBTc (RQ=RN)(L=� (0)) ; (3)

20



Figure 8: Resistance versus temperature for a narrow superconducting bridge,
the sample B2 from Ref. [49]. Open circles represent direct low­bias transport
measurements of the sample resistance. Filled circles represent the resistance
determined indirectly, viz., by extrapolating high­bias segments of the nonlinear
V(I ) curves. The solid (red) and the dashed (blue) curves give thebest �ts
generated by theRAL and RLAMH formulas, respectively. Both models show a
good agreement with the data. The downturn of the blue curve, which corresponds
to LAMH theory, is an artifact of the theory that is related tothe fact that the
attempt frequency
 LAMH goes to zero asT ! TC.
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Figure 9:Schematic of a double­nanowire device, or n­SQUID, templated by two
DNA molecules. Two strands of DNA are placed across a trench etched into an
SiN �lm deposited on an oxidized Si chip. The MoGe electrodesare shown yellow.
They are connected to each other via the pair of MoGe nanowires.

which relates the barrier for phase slips to the normal resistance of the wire.[50]
Close toTC the coherence length can be approximated as� (T) = � (0)=

p
1 � T=TC,

where� (0) is the zero temperature coherence length. There is also an expression
for the critical current of the wire, applicable at all temperatures, viz., the Bardeen
formula,[51]

I C(T) = I C(0)
�
1 � (T=TC)2

� 3=2
: (4)

6 Quantum interferometer with two nanowires

In this section we describe how superconducting nanowires can be used to build
a quantum interferometer, which is similar but not equivalent to usual supercon­
ducting quantum interference devices (SQUIDs).[27] Our device is based on two
nanowires which replace the two Josephson junctions of a SQUID. Thus, we call
our device a nanowire­SQUID or n­SQUID. The n­SQUID is presented schemat­
ically in Fig. 9.

In this example, two DNA molecules are positioned across thetrench, and are
coated with superconducting MoGe. The magnetic �eldB is applied perpendicu­
larly to the MoGe electrodes (yellow).

6.1 Transport measurements on an n­SQUID

Transport measurements on double­wire devices reveal a resistive transition, simi­
lar to that found in samples containing single wire. In zero magnetic �eld (B = 0),
the R(T) curve can be �t with the LAMH expressionRLAMH (T), as shown in
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Figure 10:(a) Resistance versus temperature curves for sample “219­4,” measured
in zero magnetic �eld (B = 0) (open circles) and atB = 228 mT (solid circles).
The latter �eld corresponds to a maximum value of the resistance. The lines are
theoretical AL �ts, generalized for the presence of the magnetic �eld, with the
following �tting parameters for the two wires in this sample:I C1(0) = 639 nA,
I C2(0) = 330 nA, TC1 = 2:98 K, andTC2 = 2 K , with corresponding values of
the coherence length� 1(0) = 23 nm and � 2(0) = 30 nm. (b) Resistance versus
magnetic �eld measurements on sample “219­4” at temperatures ranging from
1:2 K to 1:9 K in 0:1 K increments. The lines are theoretical �ts computed using
the same �tting parameters as in (a), with a period of the oscillation in magnetic
�eld set to � B = 456 mT.
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Fig. 10a (lower curve). As a magnetic �eld is applied perpendicularly to the �lm
electrodes, theR(T) curve is found to broaden and narrow periodically with the
�eld. An example of a broadened curve is shown also in Fig. 10a. It is also in
agreement with the LAMH model, generalized to the case when amagnetic �led is
present.[52] The generalization is made by explicitly including in the calculation
the dependence of the barrier for phase slips on the superconducting wavefunction
phase difference� between the points on the electrodes at which the wires are con­
nected. The critical current of the double­wire device can be modeled following
the example of a double­Josephson­junction as[27, 52]

I C(B ) =
q

(I C1 + I C2)2 cos2 � (B ) + ( I C1 � I C2)2 sin2 � (B ); (5)

where the phase difference� = � (B ) will be discussed in detail, below. The
corresponding barrier for phase slips (which de�nes the value of the resistance) is
given by Eq. 2. The observed periodic broadening and narrowing of the resistive
transition is due to the dependence of the LPS barrier on the �eld­dependent phase
� , as given by Eq. 5. The latter expression shows that the period of the oscillation
is � � = � . It is half of the usual period,2� , because the two wires of the n­SQUID
are connected to two electrodes, each of which imposes a phase difference� on
the pair of wires. Thus, the resulting effective phase difference, which controls
the current circulating in the loop formed by the wires and the electrodes, is
doubled (i.e. it is2� for the considered device con�guration). The observed,
highly pronounced, reproducible oscillations of the resistance with magnetic �eld
(Fig. 10b) are due to the periodic broadening and narrowing of the R(T) curves.
For higher temperatures, the resistance oscillations follow a cosine law. The period
of the oscillations was found to be temperature­independent in all samples tested,
in agreement with the model.[27, 52]

These observations raise a question of whether there is a qualitative difference
between the observed oscillations and Little­Parks oscillations, long known to
occur in hollow, thin­walled, superconducting cylinders pierced with magnetic
�eld.[31] The most notable aspect of oscillations in our double­nanowire devices
is the value of the period� B . It turns out that� B is muchsmaller than one
would expect on the basis of the superconducting �ux quantumdivided by the
area of the closed loop formed by two wires and the electrodesto which they are
connected (this area is2ab in our notation, as shown in Fig. 9). For example,
for sample “219­4” we estimate the period of the Little­Parks oscillation to be
� BLP = � 0=2ab) � 25 mT, with dimensions2a = 595 nm andb = 137 nm.
The value of the period found experimentally is� Bexp = 0:46 mT. Thus, the
the experiment shows a period that is more than �fty times smaller than expected.
Therefore, we conclude that the observed oscillation is notcontrolled by the
geometrical area of the closed loop de�ned by the nanowires and the edges of the
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leads. Instead, we �nd that in the low magnetic­�eld regime (i.e., when no vortices
are present in the leads), the period is controlled by� 0 divided by a new quantity,
4al, which is the product of the width of the electrodes and the inter­wire spacing
2a. Here, the width of the electrodes is denoted2l, and it equals12060 nmfor
sample “219­4.”

Our model predicts the following expression for the period of the resistance
oscillation� B theory = ( � 2=8G)(� 0=4al) � 0:38 mT, (here,G = 0:916::: is the
Catalan number). The prediction is close to the experimentalvalue. Testing
additional samples showed even better agreement. Namely, three additional sam­
ples were measured and the experimental values of the periodwere as follows:
� Bexp = 0:947; 0:077; 0:049 mT. The corresponding values predicted by the the­
ory are� B theory = 0:929; 0:078; 0:047 mT. The agreement is excellent, except in
one sample, “219­4,” in which case it is just good. This single signi�cant deviation
from the predicted value is explained by the fact that one of the electrodes of
sample “219­4” had a marker patterned not very far from the nanowires. The
presence of the marker perturbed to distribution of the supercurrent and led to a
deviation of� (B ) from the model, which assumes that the electrodes are uniform.
Another general assumption of the model is thata � l .

To develop the model we take into account the following facts. (1) The
leads of the double­wire device are mesoscopic—i.e., they are narrower than
the perpendicular magnetic penetration depth (� ? � 70� m)—and therefore the
magnetic �eld penetrates the leads with negligible attenuation. (2) Because the
resistance is caused by thermal phase �uctuations (i.e., LPS), in very narrow wires
the oscillations can be observable over a wide range of temperatures (� 1 K).
(3) The Little­Parks (LP) resistance oscillation is in facta direct consequence of
the critical­temperature oscillation with magnetic �eld.1 Thus, for LP oscillations
the entire effect can be visualized as a rigid periodic shiftof theR(T) curve, with
magnetic �eld, as the critical temperature oscillates. In contrast, in the double­
wire interferometer we �nd a much more substantial contribution to the resistance
oscillations coming from the modulation of the barrier heights for phase slips,
which is manifested in a periodic broadening and narrowing of the R(T) curve,
and not just a shift as in the LP oscillation case. This difference (broadening
versus shift) is qualitatively explained by the fact that inthe device in question
the oscillation is due to the effect of the magnetic �eld and associated vector­
potential on thermal�uctuations, viz., on the LPS rate, whilst in the LP effect the
oscillation is a mean­�eld effect, not related to �uctuations at all. Quite generally,
the oscillation can be described asR(T; B) = RN exp (� � F (T; B)=kBT). The

1The LP oscillation is due to the fact that the velocity of the superconducting condensate, and
therefore its energy, are sensitive to the (continuously tunable) vector potential and on the (discrete)
vorticity, which compete. The oscillation occurs as the vorticity changes to minimize the energy.
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essential ingredients in our model are (i) the leads, in which the applied magnetic
�eld induces supercurrents and, due to this, gradients in the phase of the order
parameter, and (ii) the pair of wires wires, whose behavior is controlled by the
phase difference imposed by the leads. We assume that the phase difference in
the leads is not in�uenced by nanowires. The reasonablenessof this assumption
is justi�ed by a very good agreement between the theory and the experiment.

6.2 Deriving the electrode­imposed phase difference between
the wires

Now we present a simpli�ed derivation of the dependence of the phase­difference
on the magnetic �eld,i.e.,� = � (B ). For a more thorough treatment of the
problem, see Ref. [52]. Here, we solve the problem in the coordinate system
indicated in the Fig. 9, with corresponding unit­length basis vectorsx̂, ŷ, and
ẑ. Consider an in�nitely long, thin­�lm, superconducting strip of width 2l, such
that l << � ? . Assume that a uniform and perpendicular magnetic �eldB ẑ
is applied. The �eld is regarded as being suf�ciently weak that no vortices
are present in the strip. The vector­potential, which we take to be of the form
~A = Byx̂, is always in the plane of the strip, with~A = ~0 along the center of
the strip. Thus, the two­dimensional current density, for an in�nite strip, is given
by ~J (x; y) = Jx x̂ = � t f

~A(x; y)=� 0 � 2 = � (t f By=� 0 � 2)x̂, wheret f is the
�lm thickness and� is the bulk magnetic penetration depth.[30] Therefore, the
magnitude of~J at the edges of the electrodes that lie parallel tox̂ is t f Bl=� 0 � 2.
In our n­SQUID device,the length of the two electrodes is much greater than
their width. Thus, the above estimate for the current­density near the long edges is
applicable. Nevertheless, the important fact is that our electrodes are not in�nite—
they end at the point where the wires start.

Due to the supercurrent conservation principle at low temperatures, the edge
current �owing near one of the edges parallel tox̂ must sweep around at the short
edges of the electrodes (i.e. the edges parallel toŷ) and, in so doing, must �ow
in the ŷ direction as it passes the connection points of the wires. Owing to the
�nite length of the leads, our choice of gauge is not of the London type, given
that the vector potential is perpendicular to the short edges of the leads. Thus, the
supercurrent along the short edges is determined by the component of the gradient
of the phaser y � that points alonĝy direction. The expression for the current is
~J (x; y) = Jy ŷ = ( t f � 0=2�� 0 � 2)(r y � )ŷ. If we now assume that, due to current
conservation, we haveJy = Jx then we may conclude thatr y � = (2 �=� 0)Bl .
Correspondingly, the phase difference between the ends of the wires, which are
separated by a distance2a, is � (B ) = r y � 2a = (2 �=� 0)2alB .

No we explain how the period of� B of the resistance oscillations can be
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calculated for the n­SQUID. First, we note that the phase accumulated around the
loop formed by the wires and the electrodes is� � loop = � � w1 + � � w2 + 2� (B),
where the quantities� � w1 and� � w2 correspond to the phase drops on the �rst
and the second wires. The phase difference introduced by theelectrodes,� (B ),
appears in this expression with a factor2, due to the fact that each of the electrodes
generates the phase difference� .

6.3 How to estimate the period of the oscillation

To calculate the period of the resistance oscillation we recall that the process
considered here is a �uctuation process, involving multiple phase slips occurring
on each wire, stochastically, at a frequency much higher than our data­acquisition
frequency. The measured resistance of the device is proportional to the number of
LPS crossing both wires per second. Each phase slip in a single wire corresponds
to the entrance of a vortex into the loop, with the corresponding phase jump being
� � loop ! � � loop + 2� (or � � loop ! � � loop � 2� if it is an anti­vortex that
enters the loop). Then, the vortex leaves the loop by crossing the second wire,
thus accomplishing the elementary dissipative event.

To facilitate further discussion we introduce the following nomenclature: a
state of the system withn vortices present in the loop (withn integral, of course)
and a net phase difference imposed on the wires by the leads of2� , will be denoted
jn; 2� i . Note that the number of vortices is de�ned naturally asn = � � loop=2� .
For example, if the external �eld is zero and the number of vortices in the loop
is zero then the state would bej0; 0i . A statej1; 2� i would represent a situation
in which there is one vortex in the loop and the external �eld imposes a phase
shift of � between the pair of points on each electrode at which the wires are
connected to the electrodes. Now let us compare two states ofthe system, viz.,
j0; 0i andj1; 2� i . Both of them are equilibrium states, as each of them corresponds
to zero supercurrent �owing through the wires, and thus theycorrespond to zero
kinetic energy of the condensate in the nanowires. To see this, remember that
� � w1 + � � w2 = � � loop � 2� (B ). If the wires are identical then the phase drop
along each wire is the same. If the phase drop along each wire is � � w then
we have� � w = � � w = � � w , and so� � w = � � loop=2 � � (B ). For both
states under consideration, we obtain� � w = 0. In the �rst case,j0; 0i , this
is true because the phase­gradient introduced by the leads is zero and also the
supercurrent from vortices trapped in the loop is zero (as there are no trapped
vortices). Here, we note that we are assuming that the bias current �owing from
one electrode to the other is negligibly small. In the secondcase,j1; 2� i , the phase
difference introduced by the electrodes is2� = 2� , whilst the phase­difference
due to a single trapped vortex is also2� . Therefore, the corresponding pair of
phase gradients cancel one another. The states of the typej1; 2� i or j1; 2� i or,
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more generally, of the typejn; 2�n i ) are not frustrated, because they correspond to
zero supercurrent in the wires and, therefore, to the lowestpossible kinetic energy
of the condensate in the wires. Note that these non­frustrated states are the most
stable against �uctuations; they therefore correspond thethe lowest rate of phase
slips and, hence, the the lowest ohmic resistance. Thus, we see that theR(B)
curve should be periodic, with the lowest resistances beingachieved at2� = 2�n .
Consequently, the estimated period of theR(B) oscillations is� B = � 0=4al. The
precise expression, obtained by solving the Laplace equation in the leads, gives
a very similar result, viz.,� B theory = ( � 2=8G)(� 0=4al). Put simply, the period
de�nes the “distance” (in terms of the magnetic �eld) between the neighboring
non­frustrated states. Note that states of the typejn; 2�x i with x being non­integral
are frustrated, in the sense that no choice of the number of vortices in the loop can
give zero supercurrent in the wires. These frustrated states are less stable, undergo
more phase slips (because the supercurrent �owing through the wires suppresses
the barrier for phase slips), and exhibit higher electricalresistance. This type
of analysis quantitative explains the observed values of the oscillation period and
qualitatively explains the observed oscillation in theR(B) curves of in Fig 10. The
exact �ts to theR(B) curves have been computed by a more detailed theoretical
analysis.[52]

6.4 Critical switching and retrapping currents in n­SQUIDS

Examples ofV(I ) curves for a sample with one wire are shown in Fig. 6. TheV(I )
curves for double­wire samples have the same shape. At lowertemperatures, the
V(I ) curves are hysteretic, and a jump­wise transition between the low­voltage
state and the Joule­heated normal state (JNS) is observed ata current known as the
switching currentI SW . The switching current is somewhat smaller than the depair­
ing current of the wire, due to the effect of premature switching, initiated either
by thermal or quantum �uctuations.[30] The retrapping currentI R is the current at
which the wire switches from the normal state back to the superconducting state.
Roughly speaking,I R is the current at which the Joule­heating power is no longer
suf�cient to keep the temperature of the wire above its current­reduced critical
value. Experiments show[42] thatI R is weakly dependent onT, whilst I SW shows
a strong temperature dependence. Also, the value ofI SW exhibits a signi�cant
�uctuation (� 50 nA) from one measurement to the next, whereas the retrapping
current is always the same, to within the precision of the measurement, which is
typically � 0:5 nA. These differences betweenI SW andI R are due to the fact that
the switching from the superconducting state to the JNS is effectively governed by
the dynamics of a small number of weakly interacting degreesof freedom (owing
to the presence of strong superconducting correlations), and thus is subject to
strong thermal (or quantum) �uctuations. On the contrary, the switching from the
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Figure 11: Dependence of the critical and re trapping currents on the magnetic
�eld.

normal state to the superconducting regime is governed by a macroscopic number
of degrees of freedom, essentially corresponding to individual normal electrons in
the wire. Correspondingly, the �uctuations are not detectable in the experiment,
due to mutual averaging amongst the many degrees of freedom.

In a double­wire device, as the magnetic �eld is sweptI SW shows periodic os­
cillations, whilst the retrapping current is �eld­independent. This fact is illustrated
in Fig. 11. In this �gure, the red region corresponds to the superconducting regime
of the n­SQUID (with the voltage being below the noise �oor ofthe setup), whilst
the gray area on the right and the dark area on the left represent the normal state
(i.e., the JNS). The switching­current behavior is represented by the borderline
between the red and gray regions. This borderline,I SW(B ), exhibits periodic os­
cillations with magnetic �eld, with a period equal to the period of theR(B) curve.
The shape of theI SW(B ) curve is not sinusoidal, indicating that the current­phase
relation (CPR) of the nanowire is not sinusoidal; this is different from the case
of Josephson junctions, which have an essentially sinusoidal CPR. The bound­
ary between the dark and the red region, observed at negativebias current (see
Fig. 11), representsI R(B ) and appears to be a straight line. This absence of any
�eld dependence proves that the darker region is indeed completely normal, and
does not correspond to phase­slip­center behavior, which is what is more typically
observed in thin superconducting wires at high bias current.[64] The occurrence of
the normal state might be due to the fact that the wires are suspended, and thus the
heat generated by a phase slip center can easily heat the wireto above its critical
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temperature, leading to the realization of a completely normal state.

7 Evidence for macroscopic quantum tunneling

Quantum behavior involving macroscopic degrees of freedom—i.e., physical vari­
ables describing large ensembles of particles—representsone of the most exciting
�elds of modern physics. A simple example of a macroscopic degree of freedom
is the position of the center of mass of a large object, say a C60 molecule.[55] Ini­
tiated by Leggett more than 25 years ago,[56] research on macroscopic quantum
tunneling has undergone widespread development. Important settings for realiz­
ing MQT phenomena include such diverse systems as superconductor­insulator­
superconductor (SIS) Josephson junctions,[57] and magnetic nanoparticles.[58]

The recognition of the advantages of quantum computers[59]has motivated the
search for viable implementations of quantum bits, or qubits, several of which em­
ploy MQT in superconducting systems.[60] Interestingly, it has also been proposed
that superconducting nanowires, if MQT occurs in them, could provide a possible
setting for realizing novel qubits with improved decoherence properties.[61]

Also, substantial evidence has accumulated to indicate that MQT can occur
in thin metallic wires of rather homogeneous cross section (see Ref. [53] and
references therein). In nanowires, the MQT phenomenon is referred to as quantum
phase slips (QPS). The occurrence of QPS implies that the wire is never truly
superconducting: its resistance does not approach zero even when the temperature
does. Thus, evidence for QPS is usually sought via the observation of a nonzero
resistance at temperatures much lower than the critical temperature of the wire.
Typically, one concludes that QPS are present ifR(T) is �at at low temperatures,
or if R does drops with cooling but too slowly, compared to the thermal activation
law R � exp(� � F=kBT). On the other hand, ourshort wires made of MoGe
did show strong evidence in favor of the existence of a true superconducting
regime,[16] i.e., a regime without QPS, in whichR � exp(� � F=kBT).2 Thus,
the question remains of whether or not signatures of MQT can be observed in short
MoGe wires. (Empirically, “short” is de�ned as being shorter than� 250 nm.)

The possibility of MQT in superconducting junctions havinginsulating bar­
riers has been clearly demonstrated experimentally (see Ref. [41] and references
therein). This was achieved by exposing the samples to microwave radiation, and
observing the discrete nature of the allowed energy states of the entire device, as
one expects for a quantum system. More precisely, the microwaves were able
to excite the system from the ground state to the next level, but only if the level
spacing was equal to the energy of the photons of the applied radiation. Thus,

2At T > 0, the resistance is greater than zero in any model, as some LPSthermal activation is
inevitable unlessT = 0 .
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it was possible to study the discrete energy states. Excitation of the system was
detected through the premature switching (due to MQT) of thedevice from the
superconducting to the normal state.

Recent experiments by Sahu et al.[25] give new evidence for MQT in homo­
geneous superconducting wires. This evidence for MQT is obtained by analyzing
switching events, which occur at high bias currents, close to the depairing current.
Below, we shall show how a detailed analysis of the statisticsof the superconductor­
to­normal switching currents can provide an af�rmative answer to the question of
whether or not QPS can occur in nanowires. The main point of argument is that at
low temperatures (T � 300 mK) the �uctuations of the value of theI SW are much
larger than the value expected on the basis of thermal �uctuations, and can be di­
rectly linked to QPS, which are a manifestation of quantum �uctuations. Thus, it
is found that, although short MoGe wires do not exhibit QPS atlow bias­currents,
signatures of QPS do appear at high bias­currents near the depairing current, via
the statistics of the premature switching events.[30]

7.1 Strong �uctuations of the value of the switching current

The switching current plotted in Fig. 12 shows very pronounced �uctuations, much
stronger than the instrumental noise. The values ofI SW andI R have been measured
many times and plotted versus temperature. The upper curve (blue) shows that
the amplitude of the �uctuations becomes larger as the temperature is reduced. To
characterize the �uctuations ofI SW quantitatively, the temperature was �xed and
theV(I ) curve was measured ten thousand times. For eachV(I ) curve, the value
of I SW value was determined by �nding the current at which the voltage exceeded
the noise �oor (� 10� V) by about one order of magnitude. As the voltage
jump at the switching current is very strong, the results were independent on the
precise choice of the threshold voltage. The results of suchan analysis, for various
temperatures, are shown in Fig. 13. There, we can see that, aswe reduce the value
of T (in the interval0:3 K < T < 2:3 K), the distributions of the switching currents
are becoming narrower (and correspondingly taller, as the area, which represents
the total number of measurements, is the same for all curves). The vertical axis of
Fig. 13, marked “Count,” can be expressed as Count= 104 � P(I SW) � � P, where
104 is the number of measurements at each temperature,P(I SW) is the probability
density for the measured value of the switching current to beI SW , and� P is the bin
size chosen for plotting the distributions. Figure 14 showshow the effective width
of the distribution (i.e., the standard deviation of the measured set of switching

currents� =
q P n

i =1 (I SW;i � I SW)2=(n � 1)) varies as a function of temperature
for samples S1 to S5. In this de�nition,I SW;i represents the104 measured data
points for the switching current, whilstI SW is the corresponding mean value. Two
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Figure 12:The upper curve (blue) shows the result of repeated switching current
measurements as the temperature is varied. It illustrates the increase in �uctua­
tions ofI SW , as the temperature is lowed. The lower curve (red) representsthe
measuredI R values, which show no �uctuations beyond the instrumental noise
of the setup. In other words, the width of the lower curve provides a high­limit
estimate of the current noise of the setup.
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Figure 13: Switching current distributions for sample S1. The distributions are
presented for 21 different temperatures in the range betweenT = 0:3 K (right­
most) andT = 2:3 K (left­most), with a step size of� T = 0:1 K. The parameters
of the sample were the lengthL = 110 nm and the normal resistanceRN =
2:67 k
 . To get the distribution at each temperature the current was swept104

times, starting from zero up to a high value, above the switching current. The
exact value of the current at which the switching events occurred was recorded for
each of the104 sweeps. The histogram is plotted by choosing the bin size to be
� I = 3 nA . The vertical axis can be expressed asCount = (104) (P(I SW)) (� I ),
where104 is the number of measurements andP(I SW) is the probability density
for the device to switch to the normal state when the bias current has the value
I SW .[42]

33



Figure 14: Temperature dependence of the standard deviation of the switching
current distribution, plotted versus temperature, for �vedifferent samples.[42]
The measurements for samples S1 and S2 were repeated more thanonce, in order
to verify their reproducibility. The corresponding valuesof the critical depairing
current for samples S1 to S5 areI C(0) = 2 :92; 1:72; 1:68; 1:10; and 6:16� A. The
value of the critical current are obtained via a �tting procedure explained in the
text.

somewhat unexpected trends are observed: (1) the standard deviation (i.e., the
�uctuation strength) increases with decreasing temperature, and (2) the samples
having larger critical currents are characterized by larger values of� .

It should be emphasized that such broadening of the distributions with cool­
ing is, in general, unexpected, as thermal �uctuations, presumably causing the
�uctuations in theI SW values, would become weaker with cooling. Note that
measurements on SIS Josephson junctions do indeed show justsuch a trend: the
�uctuations became weaker with cooling.[54, 41]

7.2 Extracting switching rates

Further understanding of the statistics of the switching events can be achieved by
applying the analysis of Fulton and Dunkleberger (FD).[54]First, we note that the
values of� introduced above, as well as the exact shape of theP(I SW ) curves
(Fig. 13), are not universal. They depend on the bias currentsweeping ratedI=dt
chosen during the measurements of the switching events. Thegeneral rule is
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that the faster is the sweeping rate the smaller the difference betweenI SW and
the depairing current of the wire,I C = I C(T), at a given temperature. In the
limit dI=dt ! 1 , the premature switching does not have time to happen, and the
distribution function becomes a Dirac� ­function centered atI C(T), viz.,P(I SW) =
� (I C(T) � I SW), and also� = 0. The depairing current is the current at which the
superconductivity breaks down with certainty because the superconducting state
free energy becomes larger than the free energy of the normalstate. Therefore,
P(I ) = 0 for I > I C(T).

The FD analysis allows one to convert the sweep­rate­dependent distribution
functionP(I SW) into the sweep­rate­independent switching rate function�( T; I ).
The analysis is based on the relation

P(I )dI = �( I )(dI=dt)� 1dI
�

1 �
Z 0

I
P(I 0)dI 0

�
; (6)

whereP(I )dI is the probability that the device switches to the normal state in
the interval between bias currentsI andI + dI , (dI=dT)� 1dI is the duration of
time during which the bias current belongs to the interval betweenI andI + dI ,
�( I ) is the switching rate (i.e., the average number of switchingevents that the
system would undergo if the bias current would be �xed atI ), and the expression�

1 �
RI

0 P(I 0)dI 0
�

=
RI C

I P(I 0)dI 0 gives the probability that the current is swept
from zero toI without switching.

In general, the sweeping rate can be a function of the value ofthe current. For
example, if the bias current has a sinusoidal time dependence I (t) = I a sin(!t )
then the sweeping rate is given bydI=dt = I a! cos(!t ) = I a!

p
(1 � (I=I a)2,

whereI a is the amplitude of the bias current, which must satisfyI a > I C(T). In the
experiment,[25] a triangular sweeping function was used, such thatI a = 2:75� A
anddI=dt = 125:5� A=s.

As, in practice, the histogram is expressed in digital format, the expression
for the switching rate needs to be expressed in terms of �nitesums rather than
integrals. Let the current axis be split into bins of size� I and the corresponding
current values be numberedI k = I C � k� I , where the integer bin numberk obeys
0 < k < N , with the highest bin numberN de�ned via N = I C=� I . This type
of de�nition implies that bin number zero corresponds toI = I C and the higher
numbers correspond to lower currents. Then the switching rate can be expressed
as[54]:

� k = �( I k) =
dI
dt

(1=� I ) ln

 P k
i =0 P(I i )

P k� 1
i =0 P(I i )

!

(7)
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Figure 15:The experimental switching rate (open circles) and the calculated QPS
rate (solid blue line) are shown forT = 0:3 K for the sample S1. The observed
agreement is very good. Various estimates of the TAPS rate byusing different
attempt frequency expressions are also shown by solid red, green, and gray lines.
For all estimates of the TAPS rate, the experimental values are at least1017 orders
of magnitude higher than the calculated thermal rate. Hence, the data can not be
explained by considering thermal �uctuation alone, even ifthe uncertainty in the
attempt frequency is taken into account.
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7.3 Correspondence between switching events and phase slips

The results of the FD­type analysis are shown in Fig. 15 for a measurement done at a
low temperature, viz., atT = 300 mK. The open circles represent the dependence
of the switching rate on temperature, and the continuous curves represent different
models. The best �t is provided by the QPS model, whilst the models involving
only thermal �uctuations and neglecting quantum �uctuations (to be called TAPS
models, the abbreviation standing for “thermally activated phase slips”) do not
agree with the data at all.

In order to obtain the �ts of Fig. 15 we have to make an assumption about the
relationship between single phase slips (whether thermally activated or quantum)
and the switching events observed in the experiment. The simplest assumption is
that a single phase slip corresponds to every switching event. Under such hypoth­
esis, as the current is increased the wire initially remainsfully superconducting
(i.e., it shows zero voltage even though the current is greater than zero) until a
single TAPS or QPS occurs. As soon as a single phase slip happens, it dissipates
the kinetic energy of the supercurrent in the wire as heat. The heat dissipated as
a result of a single LPS is� ELP S = hI=2e. Note that this is proportional to
the bias current. A detailed analysis of the heating effect,due to Shah et al.,[62],
shows that if the temperature is suf�ciently low (andT = 300 mK is suf�ciently
low), the dissipated energy� E is suf�cient to increase the temperature of the wire
above its current­dependent critical temperatureTC(I ).3 If this happens, the wire
becomes normal, at least for a short time, until the dissipated heat has enough time
to �ow away from the nanowire. (This typically takes some nanoseconds.) As the
current through the wireI is set by an external current source, the current keeps
�owing even if an LPS makes it temporarily nonsuperconducting. The additional
Joule heating generated due to the current passing through anonsuperconducting
region of the wire leads to further, rapid growth of the temperature, which eventu­
ally leads to the observable switching event. Thus, the statistics of the switching
events is in one­to­one correspondence with the statisticsof phase slips. In order
to explain these stochastic features quantitatively, we review below the formulas
describing the rates of QPS and TAPS.

3To understand why at low temperatures a single LPS can increase the temperature of the wire
aboveTC (I ) one needs to remember that LPS are less frequent at low temperatures. Thus, as the
current is slowly increased, the wire stays LPS­free until the current is very near the depairing
current. Therefore, the �rst phase slip occurs when� ELP S is high andTC (I ) is low. That is why
one LPS is suf�cient to overheat the wire at low temperatures, whereas it is not suf�cient at higher
temperatures.[62]
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7.4 Rates of phase slips

The rate of TAPS is given by the Arrhenius­type expression[30]

� TAPS = (
 TAPS =2� ) exp(� � F=kBT): (8)

By analogy, the rate of quantum phase slips can be estimated as

� QPS = (
 QPS=2� ) exp(� � F=kBTQ); (9)

which was justi�ed by Giordano[46] and Lau et al.[35] Here,TQ is some effective
temperature characterizing he strength of quantum �uctuations.[41] If the device
under consideration contains a superconducting wire that links two macroscopic
electrodes (as is the case in the experiments discussed in the present paper), the
kinetic inductance of the wire is given by[63]LK = ( L=� (T))~=3

p
3eIC, and the

electrical capacitance between the electrodes isCE, then the quantum temperature
can be roughly estimated asTQ = ( ~=kB)=

p
LK CE.

To analyze data at temperatures well belowTC, we estimate the barrier for
phase slips by combining Eqs. (2,3,4). The result is a formula that is valid, to a
good approximation, over a wide temperature range:

� F (T) =
� p

6(~=2e)
�
0:83kBTC(RQ=RN)(L=� (0))

�
1 � (T=TC)2

� 3=2
: (10)

In order to make �ts to the experimentally obtained switching rates, one needs to
know how the barrier for the LPS changes with the bias current. The corresponding
formula is[43]

� F (I; T ) = � F (0; T) (1 � I=I C(T))5=4 ; (11)

where� F (0; T) is the barrier energy to phase slip at zero current and a given
temperature. It is worth noting that the corresponding expression for the more
thoroughly studied case of a Josephson junction has the sameform,[30] but an
exponent of 3/2 instead of 5/4. Qualitatively, the two casesare very similar.[43]

The attempt frequency for the QPS can be plausibly estimatedfrom the LAMH
attempt frequency, Eq. (??), by replacing the thermal energykBT by an effective
quantum energy. In Refs. [25], the choice was made to make the following replace­
ment in the LAMH expression for the attempt frequency:� F=kBT ! � F=kBTQ.
There is no rigorous justi�cation for such replacement. But,fortunately, the choice
of the attempt frequency is not important, as the expressionfor the switching rate
is always dominated by the exponential factor, as we shall discuss below. The
QPS attempt frequency thus becomes:


 QPS =
�
8kB(TC � T)=� ~

��
L=� (T)

� q
� � F (T)=kBTQ: (12)
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The QPS switching rate computed using Eqs. (9,10,11,12) is plotted in Fig. 15
versus the bias current (see the blue curve, marked #1). The �tting parameters used
areTQ = 0:85 K, TC = 3:87 K, and� (0) = 5 nm. The parameters known from
independent measurements are the normal resistance and thesample length, viz.,
RN = 2:67 k
 andL = 110 nm. The calculated rate is in a good agreement with
the data. Thus, the hypothesis that QPS control the observedstrong �uctuations of
the switching current �nds signi�cant justi�cation. Additional justi�cation comes
from the fact thatTQ was observed to become greater in wires of larger diameter,
which have higher critical currents.[25] If the observed strong �uctuations ofI SW

were due to some trivial reason, such as an excess electromagnetic noise in the
setup leads, or granularity in the wires, then one would expect to see a smaller
TQ in thicker wires. This is because thicker wires would, presumably, be less
susceptible to problems such as electromagnetic noise or granularity of the wire.
In reality, largerTQ values were found in thicker wires.[25]

On the other hand, curves 2, 3 and 4 (see Fig. 15) all representthe TAPS model,
given by Eq. 8. The reason we show three curves is that in this model the attempt
frequency is not well established, except very nearTC.[48] In the case of curve #2,
LAMH theory was followed and the assumption was made that
 TAPS = 
 LAMH

(see Eq.??). Curve #3 (green) is plotted using a modi�ed attempt frequency.
The new expression is obtained by using Eq.?? and making the replacement
1=�GL ! ! p, where! p =

p
2eIC(T)=~CE is the so­called plasma frequency of

a Josephson junction. Curve #4 (gray) is again obtained usingEq. ?? but now
making the replacement1=�GL ! ! w, where! w = 1=

p
LK CE is the analog of

the plasma frequency for a system having a nanowire. Apparently, none of the
TAPS expressions tested can �t the data. Also it is clear thatthe exponential factor
dominates over the pre­exponential attempt frequency. In other words, any tested
choice of the attempt frequency gives almost the same result: the curves 2, 3 and
4 are very close to one another other. This inclines us believe that, as with TAPS,
the choice of the attempt frequency for QPS is not essential and need not be known
precisely.

Finally, a general model was developed, which takes into account both TAPS
and QPS. The model also takes into account the fact that at higher temperatures a
single LPS is not suf�cient to cause a switching event.[62, 25] On the contrary, the
model predicts that, at higher temperatures, many phase slips must occur almost
simultaneously in order to overheat the wire and switch it into the JNS.[62, 25]
This conclusion is directly con�rmed by the fact that theV(I ) curves measured
at higher temperatures (i.e., close toTC) show nonzero voltages before the switch
to the JNS occurs. For example, on sample S1 such a pre­switching “voltage tail”
was observed down toT � 2:5 K.[25] This fact con�rms that LPS occur before
the switch. The results of the general model, in comparison to the experiment, are
shown in (Fig. 16). In Fig. 16a the experimental switching rate was compared to a
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Figure 16: (a) Switching rates from the superconducting state to the resistive
state for bath temperatures between2:3 K (left most) and0:7 K (right most). (For
the sake of clarity, not all the measured curves are shown here.) The data is
shown for all temperatures between2:3 K and 1:1 K with � T = 0:1 K as well
as for T = 0:9 K and T = 0:7 K (sample S1). The symbols are experimental
data and the lines (with corresponding colors) are �ts to the overheating model,
incorporating stochastic TAPS­only events.[62, 25] The �ts agree well with the
data down toT = 1:3 K, which is indicated by an arrow. (b) Fits to the same data
(all temperatures are shown here) with the stochastic overheating model but now
incorporating both TAPS and QPS rates. The boundary for the single phase­slip­
switching regime is indicated by the black diamond symbols, connected by line
segments, for four temperatures. The single­phase­slip switching regime occurs
to the right of the line connecting the diamonds.

partial model, which includes only TAPS. It is clear that themodel of overheating
with TAPS works well at higher temperatures, but fails to describe data below
T � 1 K. Thus, one needs to bring QPS into consideration. The �ttingcurves in
Fig. 16b are computed by including both the TAPS and QPS switching rates. In
this case, good agreement is observed over the entire temperature interval, down
to T = 0:3 K. Thus, it is clear that the phenomenon of macroscopic quantum
tunneling must be included in the model in order to obtain reasonable agreement
with the data. We also note that the general overheating model[62] provides a
natural explanation of the observed growth, as the temperature is reduced, in the
�uctuations of I SW (see Fig. 14). The explanation is that a smaller and smaller
number of LPS is required to overheat the wire as the temperature is reduced.
Thus, the stochastic nature of the switching process becomes more pronounced.
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In the future, we plan to continue experiments on MQT in thin wires. The
next step will be to use an environmental dissipation bath, represented by a normal
resistor, in order to control the rate of QPS, following the general ideas set forth
by Caldeira and Leggett.[56]
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