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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 sk
DNA molecules or suspended single-wall carbon nanotubes as temiolates
making superconducting devices, and then study these devices gémityo
temperatures. Because the resulting hanowires are extremely thin,e. co
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 many-electron organizations&’bBS
break the quantum coherence of the superconducting condensdteater
the wire slightly resistive (i.e., not fully superconducting), even at tempera-
tures substantially lower than the critical temperature of the supercondyctin
transition. Atlow 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 twéglara
nanowires, we have observed resistance oscillations with magnetic eld.
Such oscillations are a manifestly quantum-mechanical 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 instrucBonsed in the devel-
opment and functioning of living organisms. The main fuoctof DNA is to
store information over long periods of time, thus the moledwas to be very
robust. Chemically, DNA consists of two long polymers congzbsf simple units
called nucleotides and forming the well-known Crick-Watdonble helix [1], the
diameter of whichis 2 nm.

A new eld, known as DNA nanotechnology, has emerged regeritirelies
upon the unique molecular recognition properties of DNAewales to create self-
assembling DNA constructs having useful properties [2].ADdlthus being used
as astructural templaterather than as a carrier of biological information. Such
an approach has been used to create a great variety of twendiomal periodic
patterns and networks, as well as three-dimensional aaristin the shapes of
polyhedra [3]. The templating functions of DNA have been destrated in
recent experiments in which a linear arrangement of natiofes, such as gold
nanoclusters or streptavidin proteins, was achieved orstinace of the DNA
molecule [4]. It is becoming evident that DNA can be regards@ “backbone”
for the fabrication of information-processing devicesemical and biological
sensors, and molecular transistors at the nanometeresiie (S, 6].

By taking advantage of DNA self-assembly capabilities [Tie @an envision
using single DNA and/or self-assembled DNA constructs a$f@ding for the
creation of metallic or even superconducting networks afesi One of the
easiest practical realizations of DNA molecular templatias in the possibility of
creating a quite homogeneous metal coating on single mielgauhich transforms
the molecules into thin metallic wires. In the rst such erpeents, a wet-
chemistry approach was used to metallize DNA [8, 9, 10, 11his Bpproach
tends to yield rather granular wires, which typically extiery high electrical
resistance at low temperatures. These two problems (gmatyudnd very high
resistance at cryogenic temperatures) are in fact relateda¢h other. If the wire
is composed of weakly connected metallic grains, electtend to localize on
these grains, due to the Coulomb blockade effect [12, 13, THis effect leads
to a strong increase of the electrical resistance as, atdoweratures, individual
electrons have great dif culty passing from one grain tothea This is because
the metallic grains are so small that the addition of evemglsiextra electron
on a grain strongly increases the energy. This additionatggnrequired for
a current to ow through an inhomogeneous nanowire is noilavke at low
temperatures, for which thermal uctuations are negligibThus, the main goal
in the development of the molecular templating techniquearted to nding a
way of making homogeneous wires, so that the electrons setiwres could ow
freely through them.



Molecular templating (MT) [15], which is a physical rathéanh a chemical
method, offers the possibility of fabricating homogeneuwaiies, which can be
made very short (as short as 30nm) [16] and very thin, viz. as thin as
5nm or possibly even thinner [15, 17, 20, 21, 22]. The MT techgigqwolves
the sputter-deposition of a thin metallic Im over suspeddand dried) DNA
molecules [20, 27, 28] or a carbon nanotubes [15, 17, 21]. rékelts published
so far indicate that not all metals form homogeneous namswirhen deposited
on the surface of a carbon nanotube. Amorphous alloys, ssidfioaGe; ,
provide wires having a high degree of homogeneity [15, 22)r fure metals
the general tendency is to form disconnected grains wheasitepl on a carbon
nanotube [17]. On the other hand, some elemental metall,asiblb [23, 21],
amorphous Os [21], and Ti[17], exhibit strong adhesion orthnotube. These
metals can be used as “sticking” layers for other metals. [THus, in the MT
method the choice of the material determines the morphotdgyne resulting
nanowire. In this Progress Report we focus on wires made bytéeseposition
of Mo79Ge,; Ims [18, 19] over suspended carbon nanotubes or DNA mokes.ul
The elemental compositions of the alloy were as indicatedsifilar to this),
and were optimized with the goal of obtaining the highegtaai temperature for
the superconducting transition. This particular alloyvss@n excellent adhesion
to nanotubes and to DNA. The MT method also has the virtue edtorg wires
that are seamlessly connected to the measurement leads,. thawMT technique
provides an ef cient solution to the general problem of nmakgood electrical
contact to the nanowires under investigation.

Two types of experiments have been conducted on superctimglnanowires,
viz. measurements on single wires and ones on double-waetgm interference
devices. Single-wire devices are used to study quantumrenbe and deco-
herence effects in one-dimensional (1D) superconductarsingle-wire device
consists of two macroscopic superconducting Ims (to bdechtelectrodes” or
“thin Im electrodes”), connected electrically to each etlthrough just one in-
dividual superconducting nanowire. As long as it is not @hhithe supercurrent
owing from one electrode to the other through the nanowsioportional to
the difference of the phases of the condensate wave fulsatiogach of the elec-
trodes. If the wave function in the wire is coherent, the phdifference remains
unchanged (provided also that no voltage difference isiegpand the supercur-
rent remains unchanged over time. Thus, the resistance @itk is exactly zero
if gquantum coherence is unbroken. On the other hand, if tteeafeoccurrence of
decoherence events (i.e. Little's phase slips [26]) is mobza proportional volt-
age occurs between the electrodes. Thus, by measuring ltage/gwith a weak
constant current being applied through the wire) we detaegrtiie rate at which the
phase-coherence-breaking phase slips occur. We nd thatvabias-current this
rate of phase slips follows the Arrhenius thermal-actoratiaw. Similar results
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have recently been obtained in experiments on thin wiresdated from high-

temperature superconductor materials [24]. No signatoirgsiantum tunneling
of the LPS was observed in our short wiregoat bias-currents However, at high
bias-currents, i.e. at currents close to the critical eurcé the nanowire, we do
observe a clear signature of quantum phase slips (QPS¥tkong uctuations in

the currents at which switching to a resistive state oc@b§ [

Double-wire devices consist of two thin- Im electrodes,noected electri-
cally to one another through a pair of parallel supercondgatanowires [27].
Such devices have enabled us to observe a novel quanturfeisteze effect in
a magnetic eld. Well-known examples of quantum interfexemclude critical-
current oscillations in conventional superconductingduen interference devices
(known as SQUIDs) [29, 30] and Little- Parks resistancellagimns in thin-walled
cylinders [31]. In these examples, the periods of the admihs are controlled
by the superconducting ux quantumg( h=2e) divided by the geometrical
area enclosing the magnetic eld. (Hefe,is Planck's constant ande is the
electronic charge.) Our results on two-wire interferometan not be explained
by the Little-Parks effect, which involves oscillationstbE critical temperature.
We have provided a quantitative theoretical explanatiorttie observed period
and amplitude of the oscillations, by considering the ggath in the phase of the
superconducting order in the leads, which are generatesistent with the ow
of Meissner screening currents. Based on this understandimgonstructed a
device that is sensitive to the superconducting wavefangthase 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 usddlbricate homoge-
neous metallic wires having ultrasmall dimensions, i.edi@meters signi cantly
less than 10 nmand lengths as small as 30nm One important advantage
of MT is that, as produced, the nanowires are seamlesslyeobded to metallic
electrodes, thus making them ideal for transport measurenaé various types.
Another advantage is that the technique can be generalizearious materials
and also to a range of geometries, if substrate moleculesdtacular assemblies)
of the desired geometry can be synthesized and obtaineduspaisded state.
Inthe MT method (see Fig. 1), fabrication starts with an 8D)iwafer covered
with a 500 nmthick layer of SiQ (including a100 nmthick Im of “dry oxide”
and a400 nmthick Im of “wet oxide”) and a60 nmthick Im of low stress SiN
deposited by LPCVD (low pressure chemical vapor depositawey the oxide
layer [32]. In the next fabrication step, a narrow {00 nm) and long ( 5 mm)
trench is de ned in the top layer of SiN using electron bearbéam) lithography
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Figure 1:Schematic explanation of the principle of molecular terapta(drawing
not to scale). (a) MT method in the ideal case, with the mo&cemaining
perfectly straight. A nanotube is positioned over a narrow 00 nn) trench
etched into the top SiN layer (yellow). The Im of Si@obsitioned directly under
the SIN Im is used to create an undercut via HF wet etching. riteo to make
the a sample out of a metallic nanowire, the desired metaliedllp Mo;sGe,; or
Nb—is sputter-deposited over the entire surface of the $i ancluding the the
molecule suspended over the trench. As the sputtered ntetakgred circles)
stick to the suspended nanotube, a metallic nanowire fornte@surface of the
nanotube. The electrodes, which are thin MoGe Ims, usually5 m wide, are
marked E1 and E2. In areal sample, the electrode smoothhgitian into larger-
area contact pads, with at least two pads on each side of thelrefhe contact
pads are not shown here. The segment of the wire located betwesrsa and
B is suspended over the tilted sides (TS) of the trench, andftire it appears as
a “white spot” when imaged using a scanning electron microgc(pEM). (b) A
similar sample, but with the molecule bending down into thedine Such samples
do not show “white spots” in SEM images. Such an arrangemetypgal for
molecules, such as DNA, which are exible on the lengthscileeotrench width,
as they tend to adhere to surfaces and thus “prefer” to crbsttench at points
where the gap is the narrowest. S



with PMMA resist, followed by reactive ion etching usingggf#asma. A focused
ion beam (FIB) can be used instead of electron-beam lithdgrap form the
trench. An undercut (see Fig. 1) surrounding the trenches flormed by wet
etching in 50% HF for 10s A less concentrated HF solution can also be used,
but the etching time should then be increased. The undeex#iaps because
the etching rate of the oxide is much larger than the etchag of the nitride.
We typically try to make the undercut to be ab830 nmin width, on each side
of the trench. The undercut is very important for proper devoperation, as
it ensures that the electrodes formed in the subsequent spetiiering step are
electrically disconnected everywhere except through #mewire. The deposition
of molecules is done from the liquid phase, which can be aisolwf uorinated
nanotubes in isopropanol or a suspension of regular naestuatdichloroethane,
or a water solution containing DNA molecules. The solvent can either be
removed by blowing dry nitrogen gas over the sample or, incéee of DNA
deposition, by placing the sample into a desiccator and jmgripout.

After the solvent is dried out, a metallic Im is sputter-degited over the entire
sample. For each sample only one sputtering run is made ighwte wire and the
leads are produced simultaneously. The sputtering systedwas AJA ATC 2000
with the base pressure below10 “ Torr. To keep Ims free of contaminants, the
sputtering rate should not be too low; typically it wa€:13 nm=s. The sputterer
is equipped with a liquid nitrogen cold trap that is esséftinreducing oxygen
and organic impurities in the sputtered Ims. Contaminatmtering MoGe Ims
during the sputtering can heavily suppress their superodimdy properties, and
thus should be avoided by all means.

After the sputtering, each molecule suspended over thetirbas become
coated with metal, and thus is transformed into a very thitaihe nanowire.
The exact distribution of metal around the molecule is ndt lreow, but in most
cases it is not important, as the diameter of the wire is @ntiln or about equal
to the coherence length of the superconducting material. uBeeliminary tests
involving transmission electron microscope (TEM) imagwofgwires at various
angles suggest that most of the deposited metal sits on tpgeafanotube, i.e.,
the molecule is not located in the center of the formed witetather, it lies close
to the bottom of the wire [33].

After the sputter-deposition step, the Si chip is examineden a scanning
electron microscope (SEM) and a wire without any visibleedes is selected. The
position of the wire is determined with respect to a periegitof markers located
near and along the trench. The markers, which are simply eusrdiched into the
SiN Im and large enough to be clearly distinguished undeoptical microscope,
are spaced periodically with a step of20 m. Finally, the sample is spin-coated
with a photoresist and then subjected to photolithographyle the optical mask
alignment is guided by the markers. The purpose of the pitlbgirpahy is
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Figure 2: A scanning electron micrograph (SEM) of a MoGe nanowire (gray
suspended over atrench (black) and seamlessly connectiwgMoGe electrodes
(gray areas on the top and on the bottom). The white spots sitlde&ion both sides
of the wire, indicating that the wire is straight and well susped. The beginning
and end of one of the white spots are marked by arrows A and Besjmonding

to the A and B arrows of Fig. 1a. (Image provided by A. Rogaghev.

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

Unlike in the simpli ed schematic drawing of Fig. 1a, in a pti&al device
the number of contact pads has to be at least four,[15] with ¢entact pads
connected to each of the electrodes. Usually, the maskiigroebsin such manner
that there are three contact pads on one side of the trerstbgohof two). Having
an extra electrode allows one to measure the voltage drojpeoint forming the
electrodes, and to determine its critical temperature.

The Si chip with the sample is installed into a plastic chigieawith nonmag-
netic metallic pins. The connection of the contact pads ¢optins is done using
gold wires and indium dots and/or conducting silver pastes erson making the
connections must always be grounded, in order to preveriireng of the wire
with static electricity.

SEM imaging shows that MT-produced nanowires are contiawmd ho-
mogeneous (Fig. 2). Some apparent surface roughness cdtribeted to the
amorphous structure of the wire (meaning a random arrangeshatoms) and to
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Figure 3: A transmission electron micrograph (TEM) of a nanowire teatgad by a
uorinated carbon nanotube. The wire appears amorphous andomologically
homogeneous, without any noticeable granularity.[34]

oxidation of its surface, as the nanowires are exposed ttuaing the fabrication
steps. Imaging under a transmission electron microscopMjton rms that the
wires are structurally homogeneous and amorphous (se8)-ig.

2.1 Choice of templating molecules

The molecule used as a suspended substrate or template entigtdbenough,
stable and straight. The molecule must not break when thesbevaporates.
It has to remain straight after the sample is dried and thecoutdé becomes
suspended by its ends. The sputter-deposition processasedt the molecule
with metal is a room-temperature procedure, which is mildugih that organic
molecules such as DNA can withstand the process and maitm@iinstructural
integrity during the deposition. It was found empiricallyat an amorphous
molybdenum-germanium (MoGe) alloy has good adhesion to DiNAecules
as well as to single-wall carbon nanotubes.[15, 27] To ddie,MT technique
has been successfully used with various types of moleciietyding carbon
nanotubes,[15, 17, 35] uorinated carbon nanotubes ( wobes),[36, 37] DNA
molecules,[27, 28] and WS$anorods.[38] Amorphous InO was used as a coating
material in the case of Wshanorods.

Our experiments were done on nanowires templated by utethaarbon



nanotubes. These molecules, unlike regular nanotubegeafectly insulating,
because the-electrons on their surfaces are passivated with uoriroeret[37]
Thus, uorotubes provide ideal templates for experimentshich the templating
molecules has to be insulating. For our applications weeprtdfe insulating
uorotubes. Theoretical modeling of such devices is easiecause all applied
electrical current ows in such devices through the metalbating 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 shorter-length of DNAl¢@noss the
100nmgap, -DNA, whichis 16 mlong, is readily accessible and was used
in all reported experiments. The stock solution eDNA is very concentrated,
and must be diluted for the purpose of deposition over thectrein order to
ensure that the average distance between molecules is margns1r Through
multiple trials,[40] it was found that diluting the stocklston (through a serial
dilution with pure DI water) to concentrations of 2 5o g=ml works well for
producing areas along the trench where only one or two mi@sauwoss 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 miaskhe purpose of
making a sample having two wires, one needs to nd two wiressing the trench,
such that the distance between the selected two wires ithi@s$s5 m, whilst the
distance to other wiresis larger than 12t m. Whenever we transfer a solution
containing DNA through a micro-pipette, it is recommendeal tone 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, d drop is placed on the
surface of the Si chip containing the trench. The chip is fflaned in a dessicator
to dry under vacuum. As the stock solution contains someeb@lts, which
dry as crystals on the surface, it is necessary to rinse tipeiciDI 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 waak e DI water.
The end result is that some of the DNA molecules dry crosdiegtitench. An
important fact is that the molecules crossing the trenclpalied straight during
the drying process, and always dry nearly perpendiculdngdrench. Probably,
owing to the van der Waals attraction, the DNA has a lowerggnper unit length
when it is bound to the SiIN membrane, compared to the susgemadéecule.
Thus, the length of the suspended segment is minimizedinigdd the result
that all suspended molecule are straight and roughly pdrpealar to the trench
sides. After the sample is dried completely, it is ready fatah deposition. A
thin metallic Im is deposited over DNA molecules, thus centing 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, regionshlision SEM micro-
graphs at the ends of many but not all of the nanowires. Whdatssgcur near the
points where the wire connects to the electrodes (see Fi\)ve shall explain
in detail, below, the occurrence of such white spots on SEdaographs indicates
that the wire is straight and coplanar with the leads. Thirgnever possible, they
should be used as guidance in the wire selection process.

Amongst the many wires formed across the trench after thigespg process,
itis necessary to select one that makes good electricakotion to the electrodes
and which is, preferably, straight and coplanar with theteteles. It turns our that
in some cases the wire might not be coplanar if the templatiokgcule remains
on the surface down the entire tilted side, and crossesehetirsomewhere at the
level of the bottom surface of the SiN Im, as illustrated ilgFlb. In such cases,
the Im electrodes would not be not connected to the wire atlye but through
the tilted regions on the inner sides of the trench, markeéd@'&sin Fig. 1. (TS
stands for tilted sides of the trench.)

A typical width for the TS regionis 100nm The tilted sides of the trench
might not be as well metallized as the top surface of the SiN. |Therefore,
the TS regions can exhibit suppressed superconductingaeaistics, unless the
nominal thickness of the sputtered superconducting Irmaigé enough to cover
the TS regions well enough. Thus, it is important to know Wwhat the two
con gurations, shown schematically as Fig. 1a or 1b, isizeal in any given
device. A way to distinguish between these con gurationgigxamine SEM
micrographs of the wire and check for white spots. White sgotsccur if the
molecule is straight (see Figs. 2 and l1la), and do not occureifniolecule is
bending down into the trench and crossing the gap at the tHvile bottom
surface of the SiN Im (see Figs. 4 and 1b). It is observed t@abon nanotubes
are more robust and show white spots in most cases, unles®tiod on which
the molecule is placed is very wide, i.e., much wider tharB00nm DNA
molecules, on the other hand, are exible, so they almoseénskiow white spots
(see Fig. 4a), even if the trench is as narrot@8 nmor less. This indicates that
the molecule crosses the trench at the bottom surface ofithen&mbrane. This
fact was directly con rmed via the imaging of tilted sampledich shows that the
suspended DNA molecule cross the trench near its bottonFjgeda), probably
because the width of the trench is slightly smaller there wb@n DNA molecules
are used as templates it is necessary to sputter thickercauquicting Ims, in
order to ensure that the TS regions, which are measuredigsseith the wire,
do not reduce superconducting characteristics, such aeritial temperature

10



Figure 4. SEM micrograph of nanowires made using DNA templates.[4@ Th
wires appear morphologically homogeneous, without notiteeglanularity. The
apparent width of the wires are indicated on each image. Theahetidth of the
metallic core is thinner than the indicated number, e.ge tlusurface oxidation
(usually by5nm), carbon coating of the wires during SEM imaging, or SEM
resolution limitations. (a) Top view of a sample with a trerfblack) crossed by
six nanowires templated using DNA molecules. (b) SEM imageilvéd sample,
which shows that DNA crosses the trench at the trench bottomtvidnhorizontal
dashed lines with letters TS show the width of the membranehwhaalled the
“tilted side” in the text.

and the critical current of the device. Typically, we had paitser at leas® nm
MoGe Ims in double-wire devices that were templated by DNAorder to make
samples fully superconducting.[27] As the metal depaosifioocess used here
is sputtering, which is not a directional process, coatifithe tilted sides with
metal is not impossible, but simply requires a longer ddostime in order to
allow the sputtered metal to coat well the TS region. Whitesplo not occur
when the wires are long, even if carbon nanotubes are usdzt dsrhplate. For
example, if the trench is 500 nmwide, white spots usually are not observed.
Thus, if the metallic Ims are not thick enough, such long gées frequently show
multiple resistive transitions, due to the involvement @fakly superconducting
TS regions. This issue become critical in cases in which thes must be thin,
e.g., in studies of the superconductor-insulator tramsi(5IT).[16] Such studies
can only be done on relatively short samples, and only wititohibes acting as
templates. The trench must be narrow because if it were ihdar 300 nmthen
the deposited nanotubes would frequently curve themseit@she trench.[16]
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Now we explain why such white spots occur. The beginning amtic# one
such white region are indicated by the arrows marked "A @idn Fig. 2. The
reason for the appearance of these bright regions at theafrile wire is that
the segment of wire between points A and B is suspended oweagide of a
trench, and this tilted side is also covered by metal, astihied in Fig. 1a. In fact,
as the sputtering is a more or less isotropic depositionga®icthe TS becomes
metallized even underneath the wire. Thus, the micrograptains superimposed
images of both the wire and the side of the trench right urtd@oigether, the wire
and the TS scatter more electrons, and thus make the endswirthbrighter than
the central part of the wire positioned over the empty spateedrench. Figure 1
shows that white spots can only occur if the width of the trelscnarrower at its
bottom than at its top. Exactly this situation occurs, duh&isotropic nature of
the Sk reactive ion etching(RIE), which is typically employed tclethe trench
into the SIN Im.

3 Preparing the sample for measurements

After the electrodes are patterned, the sample is examinddruan SEM. If
the number of wires connecting the electrodes is larger thamesired number
(which is usually either one or two), the undesired wires lbarremoved using
FIB. In most cases, though, is was possible to avoid the FiBlstgositioning the
photomask over a segment of the trench where there were aelpiotwo wires
crossing the trench. A set of markers positioned along @ectr is used to guide
the photomask alignment. The markers are typicaltp 10 m in size, so they
are clearly visible in the optical microscope used to allgmnhask. To place the
mask properly, the position of the selected nanowire isrdeteed with respect to
nearby markers, under an SEM. At this stage, photolithdgragpdone to protect
the selected wire with photoresist and to etch away the uredewires. Such a
process allows one to make samples each having only a siagtenire. This is
possible because the concentration of wires can be made ety 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 phostntiaen a single
wire can be addressed. After the fabrication process isheus the sample is
mounted for electrical measurements. The mounting praoeadwery dangerous
for the wires, as this is when many of them are typically bdrimgunwanted static
electricity. To ensure the successful mounting of the whe,person making the
mounting should be electrically grounded, e.qg., with amn-stattic wristband and a
seat that is sprayed with an anti-static solution. We mdwn8&i chip on to a plastic
chip carrier with six metallic pins (which are either nonmatic or only slightly
magnetic due to their Ni plating). Electrical connectiorswreen the pins of the
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chip carrier and the contact pads on the Si chip are made 68ing 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 double-siskitky carbon tape
(which is typically used for mounting samples in SEM) is @dan the center of
the chip carrier, and the sample is placed over the carben tEipe tape serves the
purpose of xing the sample position. One needs to make $aethe tape does
not touch any of the pins of the chip carrier. Next, the fregsenf the gold wires
are connected to the corresponding contact pad of the samplg 250 m
diameter indium spheres. This is done as follows. One spkeykaced on the
contact pad and pressed from the top with the at-backedaserdf a stainless steel
drill bit (or with the end of a metal lead of a common commdrm@sistor). Then,
the corresponding gold wire is placed over the In dot andseesgain. Finally,
another In dot is placed over the gold wire and pressed one time. The second
In dot is needed in order to reduce electrical resistandasoéontact and make the
connection reliable enough that it can withstand the p®oésooling the sample
down to cryogenic temperatures. With some training, sucbraection process
allows one to connect thin gold wires to a thin- Im MoGe cocitgpad of the
sample without using a soldering iron or ultrasonic bonééhér of which might
bring an unwanted voltage to the sample and thus burn thé.vidmece all the pads
have been connected to the pins of the chip carrier, the enipecis inserted into
a matching socket positioned on one “cold nger” of the cigbs In most cases
a Janis’He cryostat (from Janis Research), which reaches down to jpeteture
of 0:28 K. The sample is cooled exclusively through the measurersads| The
leads, made of a resistive thin wire (e 50, m nylon-coated nickelchrome alloy
wires, Stablohm 800A, California Fine Wire Co., Grover BeaCi#, USA) are
wound (at least ten times) around the cold nger, and coatiéd avthick layer of
dense silver paste and/or a layer of epoxy with mixed-in Ctiggas. The thermal
connection of the leads to the cold nger of the cryostatwidhem to be cooled
to the base temperature. The coating of the leads with a gloaining metallic
particles cuts down electromagnetic noise (i.e., blaatylradiation from the top
of the cryostat).[41] It is advantageous to select leadsanadithin resistive wires,
as in this case they bring less to the sample less heat anel lnads. The leads
are connected to the metallic pins of a plastic socket, ifteclvthe chip carrier
is inserted. Thus, the pins of the chip carrier are cooledutjn the connection
to the leads. The pins of the chip carrier are connected gjtrtlue gold wires to
the sample, ensuring the cooling of the sample's contac pad, through them,
the entire sample, including the nanowire. The thermomatealibrated RuO (or
Cernox) resistor purchased from LakeShore Cryotronics isenounted in the
same way as the sample, on a separate chip carrier. Thubgtineameter is also
cooled to the base temperature through the leads, whichtharmalized in the
same way as the wires leading to the sample. The sample amdaimeter chip
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carriers are placed into the same socket, which has a sat ciember of leads
and which was placed inside a brass-made, full-metal Fareaize.

4 Electrical transport measurements

The sample is biased with an AC current at a frequency @flL Hzand amplitude
inthe range 1ta0 nA. The currentbias is achieved by using an ultralow-distorti
function generator (Stanford Research Systems DS 360). dltege from the
generator is applied to the sample through a standard gesiaving a value of

1M , which is much larger than the typical resistance of the sarapd the
leads connected to the sample (which id to 10k ). Thus, the current through
the sample, connected in series with the standard resistompstly determined
by the value of the resistor. This current is recorded, asnation of time,
by measuring the voltage across the standard resistor aittingdi the measured
voltage by the resistance of the resistor. The voltage orstiperconducting
electrodes is also measured (with a separate pair of leakyexoded, as a
function of time. Both measurements are done using batteweped preamps
(either Princeton Applied Research model 113 or Stanford &ekeSystems
model SR 560). After one period of the sinusoidally time-@legbent bias current
is completed, the recorded voltagas plotted as a function of curreht Thus, the
V(1) curve is obtained, and is plotted on the screen of a compsieg LabVIEW
software. In order to determine the linear resistance ofsdraple (also called
zero-bias resistance), the current-bias amplitude iseshtuzsbe small enough that
theV (1) curve is linear. Then, the best linear t to tM{1) curve is found using
LabVIEW functions. The slope of the linear tis de ned to bled resistanc®
of the sample.

At low enough temperatures (1K), typical nanowires, if they are not too
thin, show pronounced signs of superconductivity. Mosahlyt the resistance
of the sample becomes immeasurably small. For the type cfumeanent outlined
above, the lowest value & that can be measured is roughly . This lowest
value is called the “noise oor” of the setup. As the temparatof the sample
is reduced below a certain valuR, drops below the noise oor and cannot be
measured. At such low temperatures, we perform a complamnemeasurement,
viz., a measurement of the switching currés§,. To do this, the bias current
is slowly increased until a sharp, jump-wise increas®irs observed. In such
jumps, R increases from apparently zero up to the normal resistaihtte avire
Rn. The current at which the jump occurs is callegy. After the switching
event, the wire goes into the normal state, due to excesewe heating. To
return the wire to the superconducting state, one needslteethe bias current
considerably. The current at which the wire switches batkésuperconducting
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Figure 5:R(T) curve for a typical sample involving a single MoGe nanow#g][
The template used to make the wire was a uorinated carbon ndneot(a) Sample
resistance is plotted versus temperature in a linear form@ihe rst resistive
transition, occurring at 6K, is due to the superconducting transition taking
place in the Im electrodes that lead to the wire. The secongiagnt transition,
at 3K, corresponds to the occurrence of superconducting behawmidhe
nanowire. (b) The same data as in (a), plotted in a log-lineanfat. The negative
curvature of the bottom part of the curve indicates that the wesistance drops,
with cooling, at a rate that is faster than exponential.

regime is called the “retrapping current.

A typical dependence of the sample resistance on tempeR{dr) is shown
in Fig. 5. Due to the fact that the wire is connected in serigh the thin Im
electrodes, two resistive transitions are observed. Tdaexphe occurrence of
the two transitions, we note that the voltage leads are nmexted to the wire
itself (because the wire is very short) but to the electraesected to the wire.
If the electrodes are in the normal state, the bias curremting through the
electrodes causes extra voltage, and the measured resistacomes larger than
the normal resistance of the wire. On the other hand, &K the electrodes
E1l and E2 (see Fig. 5) become superconducting. Thus, belevietimperature
the measured resistance is entirely due to the nanowireh &weonclusion was
con rmed by independent measurements on thin Im electsofdé] The second
transition (at 3:5K) is due to the nanowire losing its resistance. Wires made of
MoGe alloy always show a lower critical temperature, coradao Ims of the
same thickness. We de ne the normal-state resistance ofviteeRy to be the
sample resistance measured immediately below the tenupettwhich the leads
become superconducting, as shown by the arrows in Fig. 5.

\oltage-current characteristics, measured at varioupéeatures, of a typical
sample with a single nanowire are shown in Fig. 6. The largews show the
directions of sweeping of the bias current. The switchingent| sy is marked
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Figure 6: A series of voltage versus current curwég¢l ) of a typical sample
involving a single MoGe nanowire, measured at various tewapees.[42] The
switching current sy and the retrapping currenitr are indicated for the curve
measured ad:277 K. The corresponding temperatures &7 K (corresponding
to the highestsy), 0:4K, 0:6 K, 0:8K, 1.0K, 1:2K, 1.4 K, 1.6 K, 1.8K, 2:34 K.
In all cases it is found that as the temperature is increases \talue ofl sy
decreases.
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by the upward arrow. When the bias current is increased toahe wfl SW the
wire switches abruptly to a resistive state, which is, irt,félte normal state of
the wire, maintained by Joule heating.[43] The retrappiagent|r is marked
by the downward arrow. The transitionlat is also abrupt. It is clear from the
graph that the switching current is very sensitive to chamgémperature. As the
temperature is increased, thgy decreases signi cantly. On the contrary, the
is almost independent of temperature, until the tempezatsches a high value
of T 2K, at which a noticeable decreaseli is found with increasing the
temperature.

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

Consider a model: athin superconducting wire forming a ddésep.[26] Suppose
the initial state of the system is such that the supercutreit the loop is such
thatO < | 5 < | ¢, wherel ¢ is the critical current of the wire, i.e., the current that
is suf cient to destroy superconductivity. If uctuatiorese weak, such a state of
the system would persist inde nitely. The analysis by lg[f16] shows that only
strong uctuations, viz., those that bring the order parsam#o zero at some spot
along the wire, can cause the supercurrent to decay.
The reason is the following. In a superconducting wike, =L , whereL

is the wire length (or the loop length) andis the difference in the phase of the
complex-valued wavefunction describing the supercondgatondensate. The
phase difference is taken between the ends of the wire, Wvileis connected
to superconducting electrodes. In Little's model, the woens a loop, and so

stands for the phase accumulated along the closed pathidiomavith the
the loop itself. As the wavefunction must be single-valubé, 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 regardedhasiumber of core-less
vortices trapped within the loop. (NB: We are assuming hea¢ ttine magnetic
eld is zero everywhere.) The fact is that unless changed the currehg cannot
change, becaude = const = const: n. Little's topological analysis of the
loop model shows that the phase differenaean only change if a strong and rare
uctuation occurs, such that it brings the amplitude of tleenplex wavefunction
describing the condensate (sometimes called supercanguotder parameter”)
to zero at some point on the wire. If this happens, the phaseltange by2
(or integer multiples of it.) One way to understand this isdalize that without a
magnetic eld the supercurrent in the loop is proportiorathie number of core-
less vortices trapped within the loop. To reduce the value of the supeetiira
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vortex must be expelled from the loop. To exit the loop, theead a vortex must
cross the loop at some point. Thus, there is an energy bdoriesuch process,
which is roughly equal to the energy of the vortex core pos#d somewhere
on the wire that forms the loop. The vortex core is simply anmedr(i.e., non-
superconducting) region of size roughly the supercondgatioherence length

(T). At low temperatures, the free energy of the superconduyctiate is lower
than the free energy of the normal state, and the differeng@eén by the so-called
condensation energy densit?=8 . Thus, the energy barrier for such vortex-
crossing process F can be estimated via F A H 2=8 , whereA is the
volume of the normal region associated with the normal cosgtjpn on the wire,
the cross-sectional area of whichAs The event when a vortex trapped in the the
loop crosses the wire (that makes the loop) and escapesnayins an example
of the so-called Little phase slip (LPS). The LPS eventissiilated in Fig. 7, from
which itis clear that (a) LPS can only occur if the order paggan(represented by
the radius of the order-parameter spiral) reaches zer@4at Instantaneously ),
and (b) LPS cause a change of the phase-differen@ hyhich precsiely means
that the spiral, representing the order parameter in thadgliagram, loses one
turn.

The rate of thermally activated phase slips (TAPS)aps, is governed by
the Arrhenius activation law and can be written agps = exp( F=ksT).
Here, is some effective attempt frequency, which was estimatgagtously only
for temperatures near the critical temperature.[45] At lmperatures, when
thermal uctuations are weak and the associated rate ofgulgss is low, quantum
uctuations might play a role and allow the vortices trapped loop to escape
by tunneling. Thus the supercurrent would decay due to guarnghase slip
(QPS). The rate of QPS is determined by the quantum actioheo¥drtex core
crossing the wire and can be roughly estimated, followingré@&ano modelf] as

ops = opseXp(  F=ksTg), where ops represent some effective attempt
frequency of the quantum uctuations of the order paramataplitude andl
is a phenomenological parameter (quantum temperaturejintg the strength of
guantum uctuations.

One of the goals of developing the theory of phase slips isetalie to
predict the temperature dependence of the resistance @i avite, R(T), such
as those shown in Fig. 5. The main hypothesis needed for thelaton is that
even if the wire is not forming the loop but, instead, it is neoted to some
external leads, which are used to inject the current intowtine, the resistance
of the wire would be determined exclusively by the LPS ratsaing that a
dc measurement is considered). A detailed theoreticalysisabf such situation
was given by Langer and Ambegaokar[47] and by McCumber angddtial45].
The corresponding theory is called LAMH theory. This thedogs not take into
account the possibility of QPS but only treats TAPS.
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Figure 7:the original Little phase-slip diagram.[26] The complexguconducting
order parameter of a thin wire loop is drawn as a function of piosi along the
loop. “Real AXIS” and “i AXIS” represent the real and imaginacomponents
of the superconducting order parametefx) = j ( x)jexp( (x)). Two possible
con gurations are shown, one for an order parameter in the-salsembla = 0
(i.e., no vortices trapped in the loop), and the other oneoisrif = 1 (i.e., one
vortex present in the loop). Near the point A,(x) makes an excursion around
the origin of the Argand diagram, whilsty(x) does not. The transition from the
n = 1 state to then = O state constitutes a phase-slip event. This transition can
be viewed as vortex escape, when the normal core of the vorezes the wire.
Hence, the transition between the= 1and then = 0 states can only occur if
the thermal uctuation is strong and the order parametergbas zero somewhere
along the wire, if only for a short period of time. Reachingazex a necessary
condition, because the normal core of a vortex has zero egpdeameter amplitude
at its center.
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Here, we list the corresponding formulas. Within the LAMHediny the re-
sistance is predicted to B amn (T) = Ro(~ taps=ksT)exp( F(T)=ksT),
where~ = h=2 , h is Planck's constankg is Boltzmann's constant, F (T) is
the temperature-dependent barrier for a phase slipsRand h=4e? = 6:5k is
the quantum of resistance (in whicle is the charge of the electron).[30] In the
LAMH model, the attempt frequency is given by[45]

tavi = 1=¢g. L= (T) P F(T)=ksT: (1)

Here, . = ~=8kg(Tc T) is the so-called Ginzburg-Landau relaxation time.
LAMH theory is only valid nearTc, because it is based on time-dependent
Ginzburg-Landau theory, which has a narrow range of applica By some
estimates,[48] it can only be applied in a narrow range, sbi9T: < T <
0:94Tc.

Thus, it is desirable to have approximations applicableoatel tempera-
tures. These approximations rely on the Arrhenius factonel which is correct
down to zero temperature, provided that only thermal atitima—but not quan-
tum tunneling—of LPS needs to be accounted for. (Quantumeiimy will be
discussed separately, below.) An approximate formula Her wire resistance
caused by TAPS iR (T) = Ry exp( F=kgT). It can be referred to as the
Arrhenius-Little formula (AL) for the reason that the exgmial factor is the
usual thermal-activation law, analogous to the Arrhensawg bind the prefactor is
the normal resistance of the wire. One can argue that suthcpoeis reasonable,
based on the Little's hypothesis that each phase slip @@ategion of size(T)
that simply acts as normal metal and has an electrical aesistofRy (T)=L.
One needs to take into account the fact that each segmeng efith does not
stay normal at all times but, rather, becomes normal onhhérare event that
an LPS occurs on the segment under consideration.[49] iildhme emphasized
thatR avn andRp. are qualitatively distinct, in the sense that the prefaofor
RaL includes the wire's normal resistance, whereas the p@faftR, avy IS
independent of the normal resistance of the wire. Yet, tihe ptayed by the
prefactor is negligible in all practical cases so that botimiulas can be used to t
the experimentaR(T) curves. This fact is illustrated in Fig. 8, where both types
of tare shown, and both exhibit good agreement with the datsus, the LAMH
and AL formulas can be used interchangeably to approxinieteexperimental
results.

To complete the list of useful formulas, one needs the egmrselating the
LPS barrier F(T) to the critical current of the wirkc(T), which is[50]

p_
F(T)= 6(==2¢)lc(T): (2)

Another important result is the formula
F(0) = 0:83%pTc (Ro=Rn)(L= (0)); 3)
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Figure 8: Resistance versus temperature for a narrow superconduttiitge,
the sample B2 from Ref. [49]. Open circles represent direet-bias transport
measurements of the sample resistance. Filled circlesessmt the resistance
determined indirectly, viz., by extrapolating high-biagsents of the nonlinear
V(l) curves. The solid (red) and the dashed (blue) curves givebést ts
generated by th&®,_ and R avy formulas, respectively. Both models show a
good agreement with the data. The downturn of the blue curvehvdorresponds
to LAMH theory, is an artifact of the theory that is relatedttee fact that the
attempt frequency .avn goesto zeroa¥ ! Tc.

21



Figure 9: Schematic of a double-nanowire device, or n-SQUID, temglbyetwo
DNA molecules. Two strands of DNA are placed across a treraiedtinto an
SIN Im deposited on an oxidized Si chip. The MoGe electredeshown yellow.
They are connected to each other via the pair of MoGe nanowires

which relates the barrier for phase slips to the normal t&ste of Bwe wire.[50]
Close tolc the coherence length can be approximated@ay= (0)= 1 T=Tc,
where (0) is the zero temperature coherence length. There is alsoprassion
for the critical current of the wire, applicable at all temgtaires, viz., the Bardeen
formula,[51]

le(T) = 1c(0) 1 (T=Te)? ™ (4)

6 Quantum interferometer with two nanowires

In this section we describe how superconducting nanoweesbe used to build
a quantum interferometer, which is similar but not equirtite usual supercon-
ducting quantum interference devices (SQUIDs).[27] Owiakeis based on two
nanowires which replace the two Josephson junctions of alBQIhus, we call
our device a nanowire-SQUID or n-SQUID. The n-SQUID is preed schemat-
ically in Fig. 9.

In this example, two DNA molecules are positioned acrossrémech, and are
coated with superconducting MoGe. The magnetic Blds applied perpendicu-
larly to the MoGe electrodes (yellow).

6.1 Transport measurements on an n-SQUID

Transport measurements on double-wire devices revealktivegransition, simi-
lar to that found in samples containing single wire. In zeagmetic eld B = 0),
the R(T) curve can be t with the LAMH expressioR avn (T), as shown in
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Figure 10:(a) Resistance versus temperature curves for sample “218eésured
in zero magnetic eldB = 0) (open circles) and aB = 228 mT (solid circles).
The latter eld corresponds to a maximum value of the resiséa The lines are
theoretical AL ts, generalized for the presence of the negn eld, with the
following tting parameters for the two wires in this sampléeg;(0) = 639nA,
lc2(0) = 330NnA, Ter = 2:98K, andT¢, = 2K, with corresponding values of
the coherence length (0) = 23nm and ,(0) = 30nm. (b) Resistance versus
magnetic eld measurements on sample “219-4” at tempemdguwanging from
1:2K to 1:9K in 0:1 K increments. The lines are theoretical ts computed using
the same tting parameters as in (a), with a period of the datidn in magnetic
eldsetto B =456 mT.
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Fig. 10a (lower curve). As a magnetic eld is applied perpenthrly to the Im
electrodes, th&(T) curve is found to broaden and narrow periodically with the
eld. An example of a broadened curve is shown also in Fig.. 1@as also in
agreement with the LAMH model, generalized to the case wheagnetic ledis
present.[52] The generalization is made by explicitly uthg in the calculation
the dependence of the barrier for phase slips on the suprcing wavefunction
phase difference between the points on the electrodes at which the wires are co
nected. The critical current of the double-wire device camindeled following
the example of a double-Josephson-junction as[27, 52]

q
lc(B)= (lcy+ Ic2)?cog (B)+(lcy lc2)?sin® (B); (5)

where the phase difference= (B) will be discussed in detail, below. The
corresponding barrier for phase slips (which de nes theealf the resistance) is
given by Eg. 2. The observed periodic broadening and nangwf the resistive
transition is due to the dependence of the LPS barrier ongltedependent phase

, as given by Eq. 5. The latter expression shows that thegbefithe oscillation
is = . Itishalfofthe usual perio@® , because the two wires of the n-SQUID
are connected to two electrodes, each of which imposes @ lifsrence on
the pair of wires. Thus, the resulting effective phase diifiee, which controls
the current circulating in the loop formed by the wires and #lectrodes, is
doubled (i.e. it is2 for the considered device con guration). The observed,
highly pronounced, reproducible oscillations of the regise with magnetic eld
(Fig. 10b) are due to the periodic broadening and narrowfrigeR(T) curves.
For higher temperatures, the resistance oscillationsvicdl cosine law. The period
of the oscillations was found to be temperature-independeall samples tested,
in agreement with the model.[27, 52]

These observations raise a question of whether there iditatjua difference
between the observed oscillations and Little-Parks @dmlhs, long known to
occur in hollow, thin-walled, superconducting cylindetigrped with magnetic
eld.[31] The most notable aspect of oscillations in our B@snanowire 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 quantiivided by the
area of the closed loop formed by two wires and the electramladich they are
connected (this area Babin our notation, as shown in Fig. 9). For example,
for sample “219-4” we estimate the period of the Little-Padscillation to be

Bp = o=2ab 25mT, with dimensions2a = 595nm andb = 137 nm.
The value of the period found experimentally i8¢, = 0:46 mT. Thus, the
the experiment shows a period that is more than fty timeslinthan expected.
Therefore, we conclude that the observed oscillation isawoottrolled by the
geometrical area of the closed loop de ned by the nanowinekthe edges of the
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leads. Instead, we nd thatin the low magnetic- eld regime ( when no vortices
are present in the leads), the period is controlled pgivided by a new quantity,
4al, which is the product of the width of the electrodes and thertwire spacing
2a. Here, the width of the electrodes is denofdand it equalsl2060 nmfor
sample “219-4”

Our model predicts the following expression for the periddhe resistance
oscillation Bineory = ( 2=8G)( o,=4al) 0:38mT, (here,G = 0:916:: is the
Catalan number). The prediction is close to the experimarghle. Testing
additional samples showed even better agreement. Narnedg additional sam-
ples were measured and the experimental values of the pegoel as follows:

Bexp = 0:947;0077;0049 mT. The corresponding values predicted by the the-
ory are Bineory = 0:929;0078;0047 mT. The agreement is excellent, except in
one sample, “219-4; in which case it is just good. This sargjyni cant deviation
from the predicted value is explained by the fact that onehefalectrodes of
sample “219-4” had a marker patterned not very far from theondres. The
presence of the marker perturbed to distribution of the supeent and led to a
deviation of (B) from the model, which assumes that the electrodes are omifor
Another general assumption of the model is that |.

To develop the model we take into account the following fac{d) The
leads of the double-wire device are mesoscopic—i.e., tmeynarrower than
the perpendicular magnetic penetration depth ( 70 m)—and therefore the
magnetic eld penetrates the leads with negligible attéioma (2) Because the
resistance is caused by thermal phase uctuations (i.€5)LiR very narrow wires
the oscillations can be observable over a wide range of teatyres ( 1K).
(3) The Little-Parks (LP) resistance oscillation is in faalirect consequence of
the critical-temperature oscillation with magnetic élidlhus, for LP oscillations
the entire effect can be visualized as a rigid periodic stiitheR(T) curve, with
magnetic eld, as the critical temperature oscillates. ¢micast, in the double-
wire interferometer we nd a much more substantial conthifu to the resistance
oscillations coming from the modulation of the barrier lntgyfor phase slips,
which is manifested in a periodic broadening and narrowihthe R(T) curve,
and not just a shift as in the LP oscillation case. This d#ifere (broadening
versus shift) is qualitatively explained by the fact thatle device in question
the oscillation is due to the effect of the magnetic eld arss@ciated vector-
potential on thermalctuations, viz., on the LPS rate, whilst in the LP effect the
oscillation is a mean- eld effect, not related to uctuati®at all. Quite generally,
the oscillation can be describedR§T;B) = Ryexp( F(T;B)=ksT). The

1The LP oscillation is due to the fact that the velocity of thparconducting condensate, and
therefore its energy, are sensitive to the (continuousigitle) vector potential and on the (discrete)
vorticity, which compete. The oscillation occurs as thetieilly changes to minimize the energy.
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essential ingredients in our model are (i) the leads, in vthe applied magnetic
eld induces supercurrents and, due to this, gradients enphase of the order
parameter, and (ii) the pair of wires wires, whose behawarantrolled by the

phase difference imposed by the leads. We assume that tise pgifference in

the leads is not in uenced by nanowires. The reasonablevietbss assumption

is justi ed by a very good agreement between the theory aaciperiment.

6.2 Deriving the electrode-imposed phase difference between
the wires

Now we present a simpli ed derivation of the dependence efthase-difference
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 doate system
indicated in the Fig. 9, with corresponding unit-length ibagectors®, ¢, and

2. Consider an in nitely long, thin- Im, superconducting girof width 2|, such
thatl << ,. Assume that a uniform and perpendicular magnetic Bld

is applied. The eld is regarded as being suf ciently wealattno vortices
are present in the strip. The vector-potential, which wee tetkbe of the form
A = ByR, is always in the plane of the strip, with = 0 along the center of
the strip. Thus, the two-dimensional current density, forranite strip, is given
by J(x;y) = Jx® = t AXy)=0 2= (tBy= o 2%, wheret; is the
Im thickness and is the bulk magnetic penetration depth.[30] Therefore, the
magnitude ofJ” at the edges of the electrodes that lie parallet tot; Bl= ; 2.

In our Nn-SQUID device,the length of the two electrodes is Imgeeater than
their width. Thus, the above estimate for the current-dgmsar the long edges is
applicable. Nevertheless, the important fact is that cecteddes are notin nite—
they end at the point where the wires start.

Due to the supercurrent conservation principle at low tawatpees, the edge
current owing near one of the edges paralleRtoust sweep around at the short
edges of the electrodes (i.e. the edges parallg) @nd, in so doing, must ow
in the ¥ direction as it passes the connection points of the wiresin@wo the
nite length of the leads, our choice of gauge is not of the don type, given
that the vector potential is perpendicular to the short sadéhe leads. Thus, the
supercurrent along the short edges is determined by theaoenpof the gradient
of the phase , that points along direction. The expression for the current is
Jy)=Jy9=(tr 0=2 o 2)(ry )9. If we now assume that, due to current
conservation, we hav@, = Jx then we may conclude that, = (2 = ¢)BI.
Correspondingly, the phase difference between the endsokites, which are
separated by a distan@a, is (B)=r, 2a=(2 = g)2alB.

No we explain how the period of B of the resistance oscillations can be
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calculated for the n-SQUID. First, we note that the phasemactated around the
loop formed by the wires and the electrodes isqep = wit w2 +2 (B),
where the quantities ,; and , correspond to the phase drops on the rst
and the second wires. The phase difference introduced bgl¢otrodes, (B),
appears in this expression with a facZdue 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 weltabat the process
considered here is a uctuation process, involving muétiphase slips occurring
on each wire, stochastically, at a frequency much higher thin data-acquisition
frequency. The measured resistance of the device is propafto the number of
LPS crossing both wires per second. Each phase slip in a&swvigt corresponds
to the entrance of a vortex into the loop, with the correspgunghase jump being
loop ! oop +2 (OF  joop ! oop 2 If it is an anti-vortex that
enters the loop). Then, the vortex leaves the loop by crgdsie second wire,
thus accomplishing the elementary dissipative event.

To facilitate further discussion we introduce the follogginomenclature: a
state of the system with vortices present in the loop (withintegral, of course)
and a net phase difference imposed on the wires by the le@dswill be denoted
jn; 2 i. Note that the number of vortices is de ned naturallyras loop=2 .
For example, if the external eld is zero and the number oftices in the loop
is zero then the state would p@& Oi . A statejl1;2 i would represent a situation
in which there is one vortex in the loop and the external eltbbses a phase
shift of between the pair of points on each electrode at which thesvare
connected to the electrodes. Now let us compare two statdee &fystem, viz.,
jO; 0i andj1;2 i. Both ofthem are equilibrium states, as each of them correfpo
to zero supercurrent owing through the wires, and thus tbeyrespond to zero
kinetic energy of the condensate in the nanowires. To sae thmember that

wt w2 = wop 2 (B). Ifthe wires are identical then the phase drop
along each wire is the same. If the phase drop along each svire |, then
we have , = w = w, and so = loop =2 (B). For both

states under consideration, we obtain,, = 0. In the rst case,j0;0i, this

is true because the phase-gradient introduced by the lsarisd and also the
supercurrent from vortices trapped in the loop is zero (asetlare no trapped
vortices). Here, we note that we are assuming that the biasrduowing from
one electrode to the other is negligibly small. In the sectas#j1; 2 i, the phase
difference introduced by the electrode2is= 2 , whilst the phase-difference
due to a single trapped vortex is al2o. Therefore, the corresponding pair of
phase gradients cancel one another. The states of thgltypa orj1;2 i or,
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more generally, of the tyg@; 2 n i) are not frustrated, because they correspond to
zero supercurrent in the wires and, therefore, to the lop@ssible kinetic energy

of the condensate in the wires. Note that these non-frastistites are the most
stable against uctuations; they therefore correspondhiedowest rate of phase
slips and, hence, the the lowest ohmic resistance. Thusgeeé¢hat theR(B)
curve should be periodic, with the lowest resistances badhmgeved a2 =2 n .
Consequently, the estimated period of R(@ ) oscillationsis B = (=4al. The
precise expression, obtained by solving the Laplace emuati the leads, gives

a very similar result, viz., Biueory = ( 2=8G)( o=4al). Put simply, the period
de nes the “distance” (in terms of the magnetic eld) betwetne neighboring
non-frustrated states. Note that states of thejigp2 x i with x being non-integral
are frustrated, in the sense that no choice of the numbert€gs in the loop can
give zero supercurrent in the wires. These frustratedsstateless stable, undergo
more phase slips (because the supercurrent owing throlglwires suppresses
the barrier for phase slips), and exhibit higher electriesistance. This type
of analysis quantitative explains the observed valuesebgtillation period and
qualitatively explains the observed oscillation in BB ) curves of in Fig 10. The
exact ts to theR(B) curves have been computed by a more detailed theoretical
analysis.[52]

6.4 Ciritical switching and retrapping currents in n-SQUIDS

Examples oW (1) curves for a sample with one wire are shown in Fig. 6. VI(E)
curves for double-wire samples have the same shape. At lengyeratures, the
V(1) curves are hysteretic, and a jump-wise transition betwkenaw-voltage
state and the Joule-heated normal state (JNS) is obseraedigent known as the
switching current sy . The switching current is somewhat smaller than the depair-
ing current of the wire, due to the effect of premature switghinitiated either

by thermal or quantum uctuations.[30] The retrapping et r is the current at
which the wire switches from the normal state back to the suigmelucting state.
Roughly speakind,r is the current at which the Joule-heating power is no longer
suf cient to keep the temperature of the wire above its aurreduced critical
value. Experiments show[42] thiat is weakly dependent oR, whilstl sy shows

a strong temperature dependence. Also, the valugpfexhibits 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 thesussament, which is
typically 0:5nA. These differences betweéegy andlg are due to the fact that
the switching from the superconducting state to the INSestiely governed by
the dynamics of a small number of weakly interacting degod&sedom (owing

to the presence of strong superconducting correlatioms),thus is subject to
strong thermal (or quantum) uctuations. On the contramg, switching from the

28



Figure 11: Dependence of the critical and re trapping currents on theynadic
eld.

normal state to the superconducting regime is governed bgcaarcopic number
of degrees of freedom, essentially corresponding to idd&i normal electrons in
the wire. Correspondingly, the uctuations are not deteleta the experiment,
due to mutual averaging amongst the many degrees of freedom.

In a double-wire device, as the magnetic eld is swkft shows periodic os-
cillations, whilst the retrapping currentis eld-indepgamt. This fact is illustrated
in Fig. 11. Inthis gure, the red region corresponds to theesgonducting regime
of the n-SQUID (with the voltage being below the noise oortloé setup), whilst
the gray area on the right and the dark area on the left remrés® normal state
(i.e., the JNS). The switching-current behavior is repmése by the borderline
between the red and gray regions. This borderlisg,(B), exhibits periodic os-
cillations with magnetic eld, with a period equal to the pt of theR(B) curve.
The shape of thes,y (B) curve is not sinusoidal, indicating that the current-phase
relation (CPR) of the nanowire is not sinusoidal; this is défg from the case
of Josephson junctions, which have an essentially sinak@&R. The bound-
ary between the dark and the red region, observed at nedafigecurrent (see
Fig. 11), representis(B) and appears to be a straight line. This absence of any
eld dependence proves that the darker region is indeed &steip normal, and
does not correspond to phase-slip-center behavior, whisthat is more typically
observed in thin superconducting wires at high bias cuf@&ttThe occurrence of
the normal state might be due to the fact that the wires apesuled, and thus the
heat generated by a phase slip center can easily heat théoveibmve its critical
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temperature, leading to the realization of a completelynabistate.

7 Evidence for macroscopic quantum tunneling

Quantum behavior involving macroscopic degrees of freedom, physical vari-
ables describing large ensembles of particles—represastef the most exciting
elds of modern physics. A simple example of a macroscopgrde of freedom
is the position of the center of mass of a large object, saya@lecule.[55] Ini-
tiated by Leggett more than 25 years ago,[56] research omas@apic quantum
tunneling has undergone widespread development. Impédtings for realiz-
ing MQT phenomena include such diverse systems as superctondnsulator-
superconductor (SIS) Josephson junctions,[57] and miegmeoparticles.[58]
The recognition of the advantages of quantum computers@®inotivated the
search for viable implementations of quantum bits, or quiseveral of which em-
ploy MQT in superconducting systems.[60] Interestingliias also been proposed
that superconducting nanowires, if MQT occurs in them, dqgubvide a possible
setting for realizing novel qubits with improved decoh@eproperties.[61]
Also, substantial evidence has accumulated to indicateMigal can occur
in thin metallic wires of rather homogeneous cross sectgae (Ref. [53] and
references therein). In nanowires, the MQT phenomenoifiesresl to as quantum
phase slips (QPS). The occurrence of QPS implies that the iwinever truly
superconducting: its resistance does not approach zenadwen the temperature
does. Thus, evidence for QPS is usually sought via the oagenvof a nonzero
resistance at temperatures much lower than the criticgbéeature of the wire.
Typically, one concludes that QPS are preseR(iT) is at at low temperatures,
or if R does drops with cooling but too slowly, compared to the tteativation
law R exp( F=kgT). On the other hand, owghortwires made of MoGe
did show strong evidence in favor of the existence of a trygestonducting
regime,[16] i.e., a regime without QPS, in whiBh exp( F=kgT).2 Thus,
the question remains of whether or not signatures of MQT easbiserved in short
MoGe wires. (Empirically, “short” is de ned as being shartkan 250 nm)
The possibility of MQT in superconducting junctions havingulating bar-
riers has been clearly demonstrated experimentally (segRédfand references
therein). This was achieved by exposing the samples to mawe radiation, and
observing the discrete nature of the allowed energy stdtdee@ntire device, as
one expects for a quantum system. More precisely, the maresvwere able
to excite the system from the ground state to the next lewlpbly if the level
spacing was equal to the energy of the photons of the appiéidtion. Thus,

2At T > 0, the resistance is greater than zero in any model, as soméhieR8al activation is
inevitable unles§ = 0.
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it was possible to study the discrete energy states. Eimitaf the system was
detected through the premature switching (due to MQT) ofdéngce from the
superconducting to the normal state.

Recent experiments by Sahu et al.[25] give new evidence foll Mihomo-
geneous superconducting wires. This evidence for MQT iginbt by analyzing
switching events, which occur at high bias currents, clogbé depairing current.
Below, we shall show how a detailed analysis of the statisfittee superconductor-
to-normal switching currents can provide an af rmativeaasto the question of
whether or not QPS can occur in nanowires. The main pointgafraent is that at
low temperaturesl{ 300 mK) the uctuations of the value of this;,y are much
larger than the value expected on the basis of thermal uiting, and can be di-
rectly linked to QPS, which are a manifestation of quanturctuations. Thus, it
is found that, although short MoGe wires do not exhibit QPiBwthias-currents,
signatures of QPS do appear at high bias-currents near gagrag 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 pronashaictuations, much
stronger than the instrumental noise. The valugéggfandl r have been measured
many times and plotted versus temperature. The upper cbhve)(shows that
the amplitude of the uctuations becomes larger as the teatpee is reduced. To
characterize the uctuations ¢y quantitatively, the temperature was xed and
theV (1) curve was measured ten thousand times. For ¥gthcurve, the value
of I sw value was determined by nding the current at which the \gdtaxceeded
the noise oor ( 10 V) by about one order of magnitude. As the voltage
jump at the switching current is very strong, the resultsenaedependent on the
precise choice of the threshold voltage. The results of ananalysis, for various
temperatures, are shown in Fig. 13. There, we can see thag @sluce the value
of T (intheintervaD:3K < T < 2:3K), the distributions of the switching currents
are becoming narrower (and correspondingly taller, as ith&, avhich represents
the total number of measurements, is the same for all cur¥és) vertical axis of
Fig. 13, marked “Count’ can be expressed as Ceub®* P(lsw) P, where
10* is the number of measurements at each temperatey ) is the probability
density for the measured value of the switching currentiglheand P isthe bin
size chosen for plotting the distributions. Figure 14 shbaws the effective width
of the distribdltir(\)n (i.e., the standard deviation of the swgad set of switching

P — . .
currents = L (Iswi Tsw)?=(n 1)) varies as a function of temperature

for samples S1 to S5. In this de nitio_msw;i represents theé(0* measured data
points for the switching current, whilsgy is the corresponding mean value. Two
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Figure 12:The upper curve (blue) shows the result of repeated switchingrat
measurements as the temperature is varied. It illustrdiesricrease in uctua-
tions ofl sy, as the temperature is lowed. The lower curve (red) represbets
measured g values, which show no uctuations beyond the instrumentaeo
of the setup. In other words, the width of the lower curve pravigdigh-limit
estimate of the current noise of the setup.
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Figure 13: Switching current distributions for sample S1. The distiitnos are
presented for 21 different temperatures in the range between0:3K (right-
most) andl = 2:3 K (left-most), with a step size ofT = 0:1K. The parameters
of the sample were the length = 110 nm and the normal resistancBy =
2:67k . To get the distribution at each temperature the current wasps 10*
times, starting from zero up to a high value, above the switglturrent. The
exact value of the current at which the switching events oeduwas recorded for
each of thel(* sweeps. The histogram is plotted by choosing the bin size to be
| =3nA. The vertical axis can be expressedzsunt = (104) (P(Isw))( 1),
wherel(0* is the number of measurements &fl sy ) is the probability density
for the device to switch to the normal state when the bias cuires the value

lsw.[42]
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Figure 14: Temperature dependence of the standard deviation of thersmngt

current distribution, plotted versus temperature, for déferent samples.[42]
The measurements for samples S1 and S2 were repeated momtiegrin order
to verify their reproducibility. The corresponding valuafsthe critical depairing

current for samples S1to S5 drg(0) = 2:92 1:72,1:68,1:10, and 616 A. The

value of the critical current are obtained via a tting prodere explained in the
text.

somewhat unexpected trends are observed: (1) the standaiation (i.e., the
uctuation strength) increases with decreasing tempeeatand (2) the samples
having larger critical currents are characterized by lavgéues of .

It should be emphasized that such broadening of the disimigiwith cool-
ing is, in general, unexpected, as thermal uctuationsspneably causing the
uctuations in thelsy values, would become weaker with cooling. Note that
measurements on SIS Josephson junctions do indeed shosugst trend: the
uctuations became weaker with cooling.[54, 41]

7.2 Extracting switching rates

Further understanding of the statistics of the switchingnés can be achieved by
applying the analysis of Fulton and Dunkleberger (FD).[54$t, we note that the
values of introduced above, as well as the exact shape oftfigy ) curves
(Fig. 13), are not universal. They depend on the bias cuswaeping ratell=dt
chosen during the measurements of the switching events. g&heral rule is

34



that the faster is the sweeping rate the smaller the difterdietweeri sy, and
the depairing current of the wiréc = 1c(T), at a given temperature. In the
limit di=dt!1 ,the premature switching does not have time to happen, &d th
distribution function becomes a Diradunction centered at(T), viz.,P (I sw) =
(Ic(T) Isw),andalso =0. The depairing currentis the current at which the

superconductivity breaks down with certainty because tipeiconducting state
free energy becomes larger than the free energy of the nata@. Therefore,
P()=0 forl>1 c(T).

The FD analysis allows one to convert the sweep-rate-dege mtistribution
functionP (I sw) into the sweep-rate-independent switching rate function | ).
The analysis is based on the relation

Z 0
P()dl = ( I)(dI=dt) dI 1 P(19dlI° ; (6)
|
whereP (1)dl is the probability that the device switches to the normatesta
the interval between bias currendtand! + dI, (dI=dT) dl is the duration of
time during which the bias current belongs to the intervaveenl andl + dl,
( 1) is the switching rate (i.e., the average number of switclEwngnts that the
syste[zg would undergo if the bias current would be xed jatand the expression
1 0' PU9dI® = I'C P (19dl°gives the probability that the current is swept

from zero tol without switching.

In general, the sweeping rate can be a function of the valtigecfurrent. For
example, if the bias current has a sinusoidal time depemﬂe(B):: lasin('t)
then the sweeping rate is given by=dt = 1! coslt) = 1! (1 (I=14)?,
wherel ; is the amplitude of the bias current, which must satigfy | ¢(T). Inthe
experiment,[25] a triangular sweeping function was usedhgshatl , = 2:75 A
anddl=dt = 1255 A=s.

As, in practice, the histogram is expressed in digital fdrntfze expression
for the switching rate needs to be expressed in terms of sitams rather than
integrals. Let the current axis be split into bins of size and the corresponding
current values be numbered= I k |, where the integer bin numbkobeys
0 < k <N , with the highest bin numbed de ned viaN = I¢c= |. This type
of de nition implies that bin number zero correspondd te | and the higher
numbers correspond to lower currents. Then the switchitegaan be expressed
as[54]: p !

k
= (19= L= nn p =Pl (7)
k < o P (1)
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Figure 15:The experimental switching rate (open circles) and the dated QPS
rate (solid blue line) are shown for = 0:3 K for the sample S1. The observed
agreement is very good. Various estimates of the TAPS ratesing different
attempt frequency expressions are also shown by solid regngand gray lines.
For all estimates of the TAPS rate, the experimental valuestleastl0!’ orders

of magnitude higher than the calculated thermal rate. Hetioe data can not be
explained by considering thermal uctuation alone, evethé@ 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 FD-type analysis are shown in Fig. 15 foeasarement done ata
low temperature, viz., at = 300 mK. The open circles represent the dependence
of the switching rate on temperature, and the continuougesuepresent different
models. The best tis provided by the QPS model, whilst thedeis involving
only thermal uctuations and neglecting quantum uctuaiso(to be called TAPS
models, the abbreviation standing for “thermally actidapdase slips”) do not
agree with the data at all.

In order to obtain the ts of Fig. 15 we have to make an assuompdibout the
relationship between single phase slips (whether theyraalivated or quantum)
and the switching events observed in the experiment. Thpleghassumption is
that a single phase slip corresponds to every switchingtetgrder such hypoth-
esis, as the current is increased the wire initially reméitlg superconducting
(i.e., it shows zero voltage even though the current is graatn zero) until a
single TAPS or QPS occurs. As soon as a single phase slip happdissipates
the kinetic energy of the supercurrent in the wire as heae Rdat dissipated as
a result of a single LPS is E,ps = hl=2e. Note that this is proportional to
the bias current. A detailed analysis of the heating efidot, to Shah et al.,[62],
shows that if the temperature is suf ciently low (aifid= 300 mK is suf ciently
low), the dissipated energyE is suf cient to increase the temperature of the wire
above its current-dependent critical temperafig@d ). If this happens, the wire
becomes normal, at least for a short time, until the dissgbheat has enough time
to ow away from the nanowire. (This typically takes some naeconds.) As the
current through the wiré is set by an external current source, the current keeps
owing even if an LPS makes it temporarily nonsupercondugti The additional
Joule heating generated due to the current passing thronghsaperconducting
region of the wire leads to further, rapid growth of the tenapere, which eventu-
ally leads to the observable switching event. Thus, théssita of the switching
events is in one-to-one correspondence with the statistiphase slips. In order
to explain these stochastic features quantitatively, weewebelow the formulas
describing the rates of QPS and TAPS.

3To understand why at low temperatures a single LPS can iset@ temperature of the wire
aboveT¢ (1) one needs to remember that LPS are less frequent at low tatapes. Thus, as the
current is slowly increased, the wire stays LPS-free uhgl ¢urrent is very near the depairing
current. Therefore, the rst phase slip occurs whelB, ps is high andTc (1) is low. That is why
one LPS is suf cient to overheat the wire at low temperatuvdsereas 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 Arrhenius-type expression[3

maps = ( Taps=2 )exp(  F=kgT): (8)
By analogy, the rate of quantum phase slips can be estimated as

ops = ( gps=2 )exp( F=kgTg); 9)

which was justi ed by Giordano[46] and Lau et al.[35] Heflg, is some effective
temperature characterizing he strength of quantum uauat[41] If the device
under consideration contains a superconducting wire thies two macroscopic
electrodes (as is the case in the experiments discussed 'pmagnt paper), the
kinetic inductance of the wire is given by[6B)k = (L= (T))~=3 3elc, and the
electrical capacitance between the eIecBod%isthen the quantum temperature
can be roughly estimated @g = (~=ks)= Lk Ck.

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

F(T)= p(3(~:2e) 0:8%gTc(Ro=Ry)(L= (0)) 1 (T=T¢)? 32,

(10)
In order to make ts to the experimentally obtained switahnates, one needs to
know how the barrier for the LPS changes with the bias curf&imé corresponding
formula is[43]

F(hT)= FOTI I=1c(T)™; (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 esgion for the more
thoroughly studied case of a Josephson junction has the Eam¢30] but an
exponent of 3/2 instead of 5/4. Qualitatively, the two caaesvery similar.[43]

The attempt frequency for the QPS can be plausibly estinfededthe LAMH
attempt frequency, Eq?®), by replacing the thermal energg T by an effective
guantum energy. In Refs. [25], the choice was made to makelba/fng replace-
ment in the LAMH expression for the attempt frequencyF=kg T ! F=ksTq.
There is norigorous justi cation for such replacement. Bottunately, the choice
of the attempt frequency is not important, as the expredsiothe switching rate
is always dominated by the exponential factor, as we shatludis below. The
QPS attempt frequency thus becomes:

q
ops = 8kg(Tec T)=~ L= (T) F(T)=ke Tq: (12)
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The QPS switching rate computed using Egs. (9,10,11,12lptteg in Fig. 15
versus the bias current (see the blue curve, marked #1). flihg parameters used
areTg = 0:85K, T¢c = 3:87K, and (0) = 5nm. The parameters known from
independent measurements are the normal resistance asantipée length, viz.,
Ry =2:67k andL =110nm. The calculated rate is in a good agreement with
the data. Thus, the hypothesis that QPS control the obsstrety uctuations of
the switching current nds signi cant justi cation. Addibnal justi cation comes
from the fact thallo was observed to become greater in wires of larger diameter,
which have higher critical currents.[25] If the observadsy uctuations ofl sy
were due to some trivial reason, such as an excess electnet@agoise in the
setup leads, or granularity in the wires, then one would eixpesee a smaller
To in thicker wires. This is because thicker wires would, preahbly, be less
susceptible to problems such as electromagnetic noiseaautarity of the wire.

In reality, largerTq values were found in thicker wires.[25]

Onthe other hand, curves 2, 3 and 4 (see Fig. 15) all représ=mAPS model,
given by Eq. 8. The reason we show three curves is that in tbdehthe attempt
frequency is not well established, except very neaf48] In the case of curve #2,
LAMH theory was followed and the assumption was made thas = [ awH
(see Eq.??). Curve #3 (green) is plotted using a modi ed attempt frequyen
The new expression is ctptained by using BEg.and making the replacement
I=c. ! !p, where!, = 2elc(T)=-Cg is the so-called plasma frequency of
a Josephson junction. Curve #4 (gray) is again olﬁained Usin@? but now
making the replacement g ! !, where!,, = 1= Ly Cg is the analog of
the plasma frequency for a system having a nanowire. Apfsyemne of the
TAPS expressions tested can tthe data. Also itis clearttaexponential factor
dominates over the pre-exponential attempt frequencytheravords, any tested
choice of the attempt frequency gives almost the same rdbeltcurves 2, 3 and
4 are very close to one another other. This inclines us betieat, as with TAPS,
the choice of the attempt frequency for QPS is not essemtihhaed not be known
precisely.

Finally, a general model was developed, which takes intoatcboth TAPS
and QPS. The model also takes into account the fact that la¢higmperatures a
single LPS is not suf cient to cause a switching event.[6,@n the contrary, the
model predicts that, at higher temperatures, many phgse rslust occur almost
simultaneously in order to overheat the wire and switchtib itthe JNS.[62, 25]
This conclusion is directly con rmed by the fact that t€l ) curves measured
at higher temperatures (i.e., clos€elg) show nonzero voltages before the switch
to the JNS occurs. For example, on sample S1 such a pre-swjttioltage tail”
was observed down t6  2.5K.[25] This fact con rms that LPS occur before
the switch. The results of the general model, in comparisdhe experiment, are
shown in (Fig. 16). In Fig. 16a the experimental switching ras compared to a
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Figure 16: (a) Switching rates from the superconducting state to thestigs
state for bath temperatures betwegB K (left most) and:7 K (right most). (For
the sake of clarity, not all the measured curves are shown.hdrke data is
shown for all temperatures betwe@8K and 1:1K with T = 0:1K as well
asforT = 0:9K andT = 0:7K (sample S1). The symbols are experimental
data and the lines (with corresponding colors) are ts to theedheating model,
incorporating stochastic TAPS-only events.[62, 25] The agree well with the
data down tal = 1:3 K, which is indicated by an arrow. (b) Fits to the same data
(all temperatures are shown here) with the stochastic ovenhganodel but now
incorporating both TAPS and QPS rates. The boundary for ithgles phase-slip-
switching regime is indicated by the black diamond symbalanected by line
segments, for four temperatures. The single-phase-slifclswg regime occurs
to the right of the line connecting the diamonds.

partial model, which includes only TAPS. It is clear that thedel of overheating
with TAPS works well at higher temperatures, but fails toald® data below
T 1K. Thus, one needs to bring QPS into consideration. The ttiages in
Fig. 16b are computed by including both the TAPS and QPS bimifcrates. In
this case, good agreement is observed over the entire tatapeinterval, down
to T = 0:3K. Thus, it is clear that the phenomenon of macroscopic quantu
tunneling must be included in the model in order to obtairsoeable agreement
with the data. We also note that the general overheating lig@jgrovides a
natural explanation of the observed growth, as the tempera reduced, in the
uctuations of I sy (see Fig. 14). The explanation is that a smaller and smaller
number of LPS is required to overheat the wire as the temyreras reduced.
Thus, the stochastic nature of the switching process besomoee pronounced.

40



In the future, we plan to continue experiments on MQT in thineg. The
next step will be to use an environmental dissipation bajresented by a normal
resistor, in order to control the rate of QPS, following tlemgral ideas set forth
by Caldeira and Leggett.[56]
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