Superconducting Nanowires Templated

by Single Molecules

Alexey Bezryadin

University of Illinios at Urbana-Champaign, Champaign, Illinois, U.S.A.

Anthony Bollinger
David Hopkins
Michael Murphey
Mikas Remeika
Andrey Rogachev

University of lllinois at Urbana-Champaign, Urbana, Illinois, U.S.A.

INTRODUCTION

Ultrathin superconducting nanowires (SNWs) can be
classified as “‘weak superconducting links’.!"! They have
properties in many ways similar to Josephson junctions.
Thus, SNWs can find possible applications in super-
conducting information processing devices: either classi-
cal™ or quantum.'*”' Nanowires can also be used as
detectors and mixers of microwave radiation.”™! Funda-
mentally, the SNW is a model system for understanding
coherence and decoherence effects, quantum phase tran-
sitions, and macroscopic quantum tunneling phenomena
in one-dimensional (1-D) superﬂuids.“o_m

Because of the strong thermal fluctuations in 1-D, the
resistance of a nanowire cannot be zero at any finite
temperature. The limit of zero temperature is governed by
quantum fluctuations, which are not well understood.
Therefore, SNWs can fall into one of three different cat-
egories: 1) truly superconducting, i.e., with zero resistance
in the limit of zero temperature, 2) resistive or normal,
with a nonzero but finite resistance (R) at zero temperature
(T), and 3) insulating, with R—oo as 7—0. On general
grounds, it is expected that extremely thin nanowires
should lose their ability to carry a supercurrent. General
conditions under which this happens are not known. Many
experiments show that nanowires having their normal
state resistance, Ry, lower than the superconducting
quantum resistance, Rth/(2e)2%6.5 kQ, obey the pre-
dictions of the Langer, Ambegaokar, McCumber, and
Halperin (LAMH) theory of thermally activated phase
slips (TAPS). Such wires can be considered true super-
conductors because this theory predicts zero resistance at
zero temperature. On the other hand, SNWs with Ry>Rq
frequently show deviations from LAMH or even an in-
sulating behavior.'""! In some cases, these deviations
can be explained by the effect of quantum phase slips
(QPs).!*?!
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Here we focus on superconducting nanowires produced
by sputter-coating single linear molecules (carbon nano-
tubes, DNA) with thin metallic films. Such molecular
templating technique''"! results in nanowires that are
thinner than 10 nm in diameter. Continuous SNWs were
produced with the following two materials:''"'>??1 1)
amorphous alloy of MoGe, which is usually used for
making extremely thin (down to ~ 1.5 nm) and homoge-
neous films,””>2* and 2) Nb metal, which finds applica-
tions in superconducting electronic circuits. Although Nb
wires are polycrystalline,”** the critical current density in
them is ~107 A/cm?, i.e., is similar to bulk practical
superconductors (Ref. [26] p. 372).

PROPERTIES OF
SUPERCONDUCTING NANOWIRES

Thermally Activated Phase Slips

The physics of superconducting nanowires is extremely
rich and many puzzles remain unresolved. Perhaps the
most striking property of SNWs is their inability to reach
zero resistance at any nonzero temperature.””’! This
property agrees with the Mermin-Wagner theorem,”®!
which prohibits thermodynamic phase transitions in 1-D
systems.? In particular, a thin 1-D wire made of a super-
conducting metal cannot undergo a phase transition into a
fully superconducting state, i.e., a state with R=0 at any
nonzero temperature. The mechanism of acquiring a
nonzero resistance is known as phase slippage (PS) pro-
cess. It is due to strong thermal (or possibly quantum)

“A superconducting nanowire is considered 1-D if the diameter of the
wire is the same as the superconducting coherence length or smaller.
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fluctuations in 1-D wires.!*”! The theory of thermally ac-
tivated phase slips (TAPS) was developed by Langer,
Ambegaokar, McCumber, and Halperin (LAMH).%3!1
Thermally activated phase slips have been studied since
the 70s and are quite well understood. Early experiments
on 0.5-um-diameter tin whiskers confirmed the LAMH
theory.[?%33!

Each TAPS is a strong and short-lasting thermody-
namic fluctuation occurring in a short segment of length,
~2&(T), somewhere along the wire. The order parameter,
zp=|1//\ei“’, is zero [Y(x,r)=0] at the center of the TAPS
and, correspondingly, the phase, ¢(x,t), is indeterminate at
this point. So, with each TAPS the phase difference
Ap=¢(L)— ¢(0) along the wire changes by +27. Here x is
the position along the wire and L is the wire length. In the
absence of phase slips, a state of constant supercurrent,
Y(x)=||e™, is realized. The wave vector, k, is propor-
tional to the supercurrent, Is. The amplitude, ||, is con-
stant along the wire if Ig=constant. A convenient
presentation of Y(x) is given in Fig. 1. Here two axes
correspond to the real and imaginary parts of (x), and the
third axis is the space coordinate x. In this representation a
spiral of a constant radius represents a state with
Is=constant. The number of turns in the spiral is propor-
tional to /5. Thus, if the winding number does not change
then the current remains constant. On the other hand, if a
phase slip occurs, the order parameter goes to zero at one
point and the spiral loses one loop, so the supercurrent
diminishes. A phase slip (PS) event is shown in Fig. 1. An
antiphase slip (APS) is a similar fluctuation that increases
the winding number by one. Thus, the phase difference

single [phase slip event

Re(¥)

Fig. 1 Superconducting order parameter of a thin wire with a
phase slip (PS) in the center. The PS is a short-lived event
(~107 "% sec) during which the order parameter goes to zero at
one point. During the PS, the spiral loses one loop and the
supercurrent becomes smaller.
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between the ends of the wire changes by — 27 for each PS
and by +2n for each APS.

The problem of calculating the resistance reduces to
finding the rate at which phase slips occur in the
nanowire. The voltage on the wire (at a fixed small bias
current, /) is given by the Josephson relation 2eV="h(d¢/
dr)=2n(n, —n_)h =2nhAn, where n, and n_ are the rates
of PS and APS, respectively. The predicted volume of the
phase slip is Vps~3.77EA, where A is the cross section
area of the wire.*”! The free energy of a PS is AF(T)=
[H%(T)/Sn]VPS, where Hc(7) is the thermodynamic critical
field. At zero bias current, /=0, the rates of PS and
APS are equal: n,—n_=n=Q exp[—AF(T)/kgT], where
Q = [8kg(Tc — T)/mh][L/E(T)|\/AF /KT is the so-
called attempt frequency, kg the Boltzmann constant, %
Planck’s constant, 7 the temperature, and 7¢ the critical
temperature. At />0 the barrier corresponding to PS is
lower than the APS one, leading to a net phase flow,
n.>n_. We have n.=Q exp[—(AF(T)+0F)/kgT] and
An=2Q exp[— AF(T)/kgT] sinh(3F/kT), where dF =nhl/2e
is half of the free energy difference between PS and APS.
Using the relation R=dV/dI=(nh/e)d(An)/dl one gets
the following resistance vs. temperature dependence (here
t=TITc):

RLAMH(T) = Dl_3/2(1

— 0 exp[_TC(l - t)s/z}

(M

Because of the normal quasiparticles present in the wire

close to Tc,m] the final expression for the wire’s resist-
ance, R(T), is:
R™' = Riam + RY' (1a)

where Ry is the normal-state resistance of the wire. The

LAMH defines the constants D and ¢ as follows:"*

_ AF(0)  176V2 Rq L
T THe T3 R E0) =
and
D = (8/m)[L/¢(0)]Rqv/e (3)

where &(0) is zero temperature coherence length [£(0)~7
nm for MoGe samples].

Quantum Phase Slips

Two types of phase slips are usually distinguished: TAPS,
discussed above, and QPS. The QPS can be observed only
in very thin wires, about 10 nm in diameter or less.!'¥
Such nanowires can be made using the technique of
suspended molecular templates (SMT).'"" The SMT
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method is unique because it results in nanowires that are
not only very thin (down to ~3 nm) but also can be made
very short, less than 100 nm if necessary. This length is
comparable to or shorter than the electronic inelastic mean
free path L; = +/Dt;~100-1000 nm (here D=Ivg/3~
1073-10"* m® sec is the diffusion constant and 7~
107°-107'% sec is the inelastic scattering time). The
electrons in such short SNWs can diffuse through the
entire wire without undergoing inelastic collision, and so
they are able to preserve quantum phase information.
The possibility of quantum tunneling of phase slips
attracts much attention because QPS can be regarded as a
macroscopic quantum phenomenon. On general grounds,
it is expected that the probability of quantum phase slips
should be proportional to exp[— AF(0)/hwsg], where h is
the Planck’s constant and wg is some characteristic fre-
quency of quantum fluctuations of the superconducting
order parameter. A semiquantitative model of quantum
phase slips was suggested by Giordano."®! Recent ex-
periments on MoGe wires showed good agreement with
Giordano’s model'? (see discussion below). The QPS
contribution is explained in detail in Ref. [12] The ex-
pression for the resistance in the case of QPS is similar to
Eq. 1a but an additional term is added that represents the
contribution of the macroscopic quantum tunneling
(MQT) of the phase slips (i.e., the contribution of QPS):

R™" = (Rvor + RLAMI—IY1 + Ry 4)

Here Rmor=pocRiamu and  poc = Blrt/8(1 — t)]3/2
explev1 — t((1 — 1)/t — an/8)]. The coefficients a and B
are the two fitting parameters. These formulas are
equivalent to those used in Ref. [12] Here we explicitly
introduce the temperature-dependent ratio poc=Rmor/
Ry amu- By using the formulas from Ref. [12] it can be
shown that the pgc ratio is larger than unity (meaning that
quantum tunneling of phase slips occurs with a higher
rate than the thermal activation) if the temperature is
T<0.7Tc. This ratio of the quantum and thermal con-
tributions (i.e., poc) is plotted in Fig. 8 (inset).

QPS and TAPS have different implications. If only
TAPS is present, then the wire is classified as ‘truly su-
perconducting’’ in the sense that its resistance approaches
zero as the temperature approaches zero. If QPS is also
present, the resistance stays above zero even in the limit of
zero temperature so the wire remains restive or normal.
Thus, TAPS is responsible for breaking superconductivity
at finite temperature and QPS destroys superconductivity
in the limit of zero temperature. The existence of QPS
is regarded as a limiting factor for miniaturization of
superconducting devices.?* Under certain conditions, a
proliferation of QPS can suppress superconductivity and
can cause a superconductor—insulator (SI) quantum tran-
sition.!! 147101
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FABRICATION OF
SUPERCONDUCTING NANOWIRES

Molecular Templating with Nanotubes

The suspended molecular templates (SMT) method!'")
uses suspended, linear rigid molecules as templates for
metal coating. Three types of molecules have been tested:
1) ordinary single-wall carbon nanotubes,"'"'?! fluori-
nated carbon nanotubes,[35 361 which are 100% insulating,
and DNA molecules (see below). Because these mole-
cules are very thin, 1-3 nm in diameter, the resulting
nanowires can be made thinner than 10 nm. It was found
that MoGe wires made on insulating fluorotubes have
similar properties to those made on regular nanotubes.
Thus the nanotube does not contribute significantly to
the total conductance of the wire. Note that suspended
nanotubes can also be used for the fabrication of magnetic
nanowires."*”!

nanotube

lsputter metal

(c)

ELECTRODES

TRENCH

NANOWIRE

Fig.2 The sample schematics. (a) The nanotubes are deposited
over a trench, and a superconducting metal (Nb or MoGe) is
sputtered over the entire surface of the Si chip. Thus the
electrodes are formed on the banks of the trench and, at the same
time, suspended nanowires form with nanotubes in their cores.
Because the sample is sputtered only once, the wires have the
same thickness as the electrodes. In addition, the wires are
seamlessly connected to the electrodes, without any unwanted
contact barrier. Photolithography and reactive ion etching are
subsequently used to define the shape of the electrodes and
destroy all wires but one. The d.c. sputtering is done in an argon
atmosphere, in a sputtering chamber equipped with a cryogenic
liquid nitrogen trap. (b) A scanning electron micrograph of a
nanowire (gray line) suspended over a trench (black) and
connecting to two MoGe electrodes (gray areas). (c) Schematic
top view of the sample. The size of the Si chip is 5 x5 mm.
(View this art in color at www.dekker.com.)

MarceL DExkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 6

Copyright © Marcel Dekker, Inc. All rights reserved.



ORDER |

3764

The SMT technique is described in detail in Ref. [11]
The fabrication process starts with an Si(100) wafer
covered with a layer of 500-nm-thick SiO, and 60-nm-
thick film of low-stress SiN.*®! A narrow and very long
trench is then defined in the SiN film using e-beam li-
thography and reactive ion etching in SF¢ plasma. The
resulting trench (Fig. 2) has a width of ~100 nm and
length of ~5 mm. An undercut is then formed by placing
the sample in HF for 10 sec.

Fluorinated nanotubes are deposited from a solution in
isopropyl alcohol. After drying, the sample is sputter-
coated with the desired superconducting metal, typically
~4-8 nm of Mo,9Ge,; (Fig. 2a). After sputtering, each
nanotube suspended over the trench becomes decorated
with metal and thus forms a metallic nanowire. A nano-
wire of desired width is then selected under scanning
electron microscopy (SEM) (Fig. 2b) and photolithogra-
phy is used for making the electrodes and etching all
nanowires except the selected one (Fig. 2c).

Molecular Templating with DNA

The DNA molecule is of course not as rigid as a carbon
nanotube. Nevertheless, it is observed that when being
suspended, the DNA stretches itself. Thus, DNA provides
an excellent molecular template for metal deposition. For
example, the micrograph in Fig. 3a shows six metal-
coated DNA wires, which are visible as thin gray lines of
length ~ 150 nm. The tests were done on the same type of
Si/Si0,/SiN substrate with trenches made as described
earlier. The A-DNA molecules have been deposited over
the oxygen-plasma-cleaned SiN surface from a buffer
solution with a 40 pg/mL concentration. The samples
were then dried and metal coated. Two important con-
clusions can be drawn from these experiments: 1) Because
of some intrinsic mechanism, the suspended DNA mole-
cules become stretched and appear very straight. 2) Many
metals, such as Os, Cr, and MoGe, showed good adhesion
to the DNA surface and produced visibly homogeneous
wires. A coating of DNA with a thin (~3nm) AuPd film
produced granular wires (Fig. 3b). The fact that DNA
appears so straight is somewhat unexpected because DNA
is not nearly as rigid as carbon nanotubes. A possible
explanation is that DNA interacts attractively with the
substrate due to the van der Waals force. Thus, it is en-
ergetically favorable for the molecule to minimize the
length of the freely suspended section. So, the suspended
part becomes strained and perfectly straight.

Morphology of Nb and MoGe Nanowires

The morphology of nanowires was determined using
transmission electron microscopy (TEM).??! The wires
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Fig. 3 Metal decoration of suspended DNA molecules. The
black region is the trench with an undercut. Nanowires appear as
thin gray lines crossing the trench. The sample (a) has six
surviving nanowires. A-DNA molecules were deposited from a
buffer dilute solution, dried, and sputter-coated with 4 nm of
MoGe and 3 nm of SiO,. (b) Nanowires of gold—palladium tem-
plated by DNA. The trench was cut into SiN film using a fo-
cused ion beam. A 50-nm-thick gold film was deposited before
the application of DNA. After the A-DNA deposition, the sample
was sputter-coated with gold—palladium.

for these studies were prepared on a TEM grid. Typical
micrographs of Nb nanowires are shown in Fig. 4a and b.
It is clear from Fig. 4a that Nb wire is polycrystalline. It
consists of randomly oriented 3- to 7-nm grains. Lattice
fringes have a spacing of ~0.24 nm, which corresponds to
the (111) lattice planes of Nb.

A thin, ~2-nm layer near the edges of the wire does
not show any crystalline structure. This layer is probably
an amorphous oxide formed on the surface because the
wire was exposed to the atmosphere. To prevent Nb
oxidation, all samples used for transport measurements

MARCEL DEKKER, INC.
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Fig. 4 (a) A high-resolution TEM (JEOL 2010) image of a Nb
nanowire fabricated by sputter deposition of a 6-nm Nb film
over a carbon nanotube. (b) Image of a Nb nanowire (4 nm of
Nb) covered with a protective layer of Si (2 nm). (c) A TEM
(JEOL 2010F) micrograph of an amorphous MoGe wire
produced by sputter deposition of 7-nm MoGe film (with no
Si) over a fluorinated carbon nanotube. The scale bar is 5 nm.
The surface (~ 1.5 nm) of the wire appears oxidized but the core
is intact.

were sputter-coated with a 2-nm-thick Si film. The image
of such a wire, protected with Si, is shown in Fig. 4b.
The layer of Si (light layer at the surface) produces a
uniform coverage of the Nb core (darker center). A
typical micrograph of a MoGe nanowire is shown in
Fig. 4c. The wire appears amorphous. The width varia-
tion of Nb wires (3 nm) appears larger and it has a longer
characteristic length scale (along the wire) compared to
MoGe wires.
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Setup and Resistance Measurements

In order to measure voltage vs. current, V(I), curves of a
nanowire, a sinusoidal a.c. current (at 12.7 Hz frequency
and 1-10 nA amplitude) is injected through a pair of outer
electrodes (Fig. 2c) and the voltage is measured on the
inner electrodes, using a low-noise PAR 113 amplifier.
The current is taken from the high-precision-function
generator (Stanford Research Systems, DS 360) connected
in series with a 1-MQ resistor. The fifth electrode (Fig. 2c)
is used to measure the resistance of the film electrodes,
without involving the wire. The zero-bias resistance is
determined from the slope of the best linear fit to the V(1)
curves measured at low currents (1-10 nA). The temper-
ature is measured using a Lakeshore calibrated ther-
mometer, Cernox®. The leads connecting the sample to
the room temperature amplifiers were made from a Tef-
lon-coated resistive alloy wire, Stablohm 800, produced
by California Fine Wire Co. Before reaching the sample,
the wire is rolled over a cold Cu rod and coated with a
layer of a conducting silver paste. Such an environment
helps to thermalize the signal leads and acts as an exter-
nal, microwave radiation filter (which helps to suppress
the room temperature blackbody radiation propagating
through signal leads). All electrical leads coming to the
sample are additionally filtered with room temperature
pi filters (BLP-1.9 from http://www.minicircuits.com).
The measurements were done in an He-3 cryostat or in a
pumped He-4 Dewar.

An example of a resistance vs. temperature, R(T), curve
is shown in Fig. 5. Because the wire is connected in series
with some sections of the electrodes (Fig. 2c), two resist-
ive transitions are observed. The first one (at ~6 K) is
due to the electrodes and the second transition (at ~3.5 K)
is due to the nanowire itself. Thus, the critical temperature
of the nanowire is suppressed®” compared to the film of
the same thickness (i.e., the electrodes). The normal-state
resistance of the wire, Ry, is determined right below the
superconducting transition of the leads, as shown by an
arrow in Fig. 5.

Resistivity of Metallic Nanowires

It is important to determine the resistivity of the metal
forming the nanowire and compare this to the known bulk
values. The resistivity of the wire and its normal resistance
should satisfy the following relation:

wt = p(L/Rx) + Ao )

Here Ry is the normal resistance of the nanowire, L is the
length measured with SEM, ¢ is the known thickness of
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Fig. 5 A typical resistance vs. temperature curve for a MoGe
nanowire. The first resistance drop is due to the electrodes and
the second, broadened, transition is due to the nanowire. The
normal-state resistance of the wire is measured at a temperature
slightly lower than the critical temperature of the electrodes, as
shown by the arrow.

the sputtered film, w is the apparent width of the wire
measured in SEM, and A, is the expected area of the
insulating material on the surface of the wire, including an
oxidized layer and/or protective Si or Ge layers, if any. It
is necessary to include the ‘‘dead layer’’ area, A, in Eq. 5
because the width, w, is not the width of the conducting
core of the wire, but is the total width, which is observed
in SEM. In Fig. 6, we plot the total area of the nanowire,
wt, vs. the unit length conductance, L/Ry. Three groups of
points correspond to Nb wires (filled squares), unpro-
tected MoGe wires (open circles) and Ge-coated MoGe
wires from Ref. [11] (filled circles). The dependence is
linear for each group of samples. The resistivities esti-
mated from the best linear fits (Fig. 6) are p=4.2x 10"’ Q
m for Nb wires, p=2.35x10"° Q m for unprotected
MoGe wires, and p=2.46 x 10~ ° Q m for protected MoGe
wires. This should be compared to bulk resistivity of
MoGe, pyocesuLk=1.6x10"% Q m™! and to thin film
resistivity for Nb: pnb rHINFILM =24 X 1077 Q m.% The
resistivity of wires is slightly larger but of the same order
of magnitude.

This indicates that the wires are continuous and contain
no breaks or tunnel barrier between grains. The effective
““dead area” is Ag~14.6 nm> for unprotected MoGe
wires, Ag~38.8 nm? for Ge-protected MoGe wires, and
Ap~40 nm” for Nb samples. Protected MoGe samples
show a larger A, because Ge on their surface contributes
to the total width, w. It appears that such protection is not
really necessary because the unprotected wires show a
lower resistivity and thinner dead layer. In general, the
following factors may contribute to large Ao values: 1)
oxidation, 2) presence of a protective layer, 3) wire
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morphology, presence of grains on the surface, fluctua-
tions of the wire width, and thickness, and 4) a limited
resolution of SEM causing some smearing of the images.

Superconductivity in MoGe Nanowires

Parameters of studied amorphous Mo;9Ge,; nanowires of
short length (L=100-150 nm) and various diameters are
given in Table 1.

Resistance vs. temperature plots (Fig. 7a) show two
different types of behavior: superconducting and insulat-
ing. Samples A through F and sample X show a super-
conducting behavior, i.e., their resistance decreases with
temperature. Samples G through J exhibit an increasing
resistance (with cooling) and thus considered insulating.
Such dichotomy is an indication of an SI quantum tran-
sition.**! The insulating samples not only show a slight
increase of their resistance with cooling but also, unlike
superconducting wires, they exhibit a maximum of the
differential resistance at zero bias current (not shown).
The SI transition happens when the normal resistance
of the nanowire reaches the quantum resistance Ro=h/
4¢*~6.5 kQ. Fig. 7a and the inset clearly show that all
wires with Ry<6.5 kQ are superconducting, whereas all
others are insulating. This same behavior was found in
similar MoGe wires in Ref. [11] in which case the wires
were grown on regular (not fluorinated) nanotubes and
were protected with 1.5 nm of Ge. Note again that only
~100-nm-long wires are being considered.

1804 Unprotected MoGe: wt =14.6 +2.35(L/Ry)

Ge-coated MoGe: wt=38.8+2.46(L/Ry)
E ]
/
/
n_

~
]

"\

Nb fit: wt=39.7 + 0.42(L/Ry)

0 50 100 150 200 250 300
L/Ry [nm/kQ]

Fig. 6 Cross-section area of the wire, wt, is plotted vs. the unit
length conductance, L/Ry. Here w is the width of the nanowire
measured under SEM and ¢ is the nominal thickness of the
sputtered film. Each data point corresponds to a different sam-
ple. Filled squares represent Nb wires, open circles, unprotected
MoGe wires, and filled circles, MoGe wire protected with a
1.5-nm Ge film. The best linear fits are shown and the pa-
rameters of the fits are indicated on the graph: dashed line for
Nb, thick solid line for MoGe wires covered with 1.5 nm of Ge,
and thin solid line for plain MoGe nanowires.
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Table 1 Parameters of unprotected MoGe wires deposited over fluorinated single-wall carbon nanotubes

Sample L (nm) w (nm) Dcarc (nm) t (nm) Ry (KQ)
A 99+10 21+3 11.1 8.5 2.39
B 12710 19+3 11 8.5 3.14
C 93+10 17+2 8.8 8.5 3.59
D 109+12 13+3 8.3 7.0 473
E 11612 124 79 7.0 5.61
F 125+7 14+4 7.8 7.0 6.09
G 105+8 11£2 6.2 5.5 8.22
H 121+14 9+2 6.5 5.5 8.67
| 140+9 11+2 6.6 5.5 9.67
J 86+15 14+£3 3.1 7.5 26.17

The length of the wire, L, and the width, w, are measured under SEM. The parameter Ry is the normal state resistance, ¢ is the thickness of
the sputtered film, and the diameter Dcayc is calculated from Ry and L as D = +/(4/m)(pL/Rx), with p=2.35x10"° Q m.

An SI transition was also observed in Ref. [19] but in
that work the transition has been seen when the film
square resistance (defined as Rw=p/d, with p being the
resistivity of the metal and d the film thickness) reached
a critical value close to Rg. On the contrary, in our
case the film square resistance at the SI transition is
much lower than R because Ry ~ Rn(w — V/Ag)/L ~
600 Q < Rq. The total resistance (or perhaps the wire
diameter) appears to be a more plausible control param-
eters driving the transition. Fig. 7b presents all ~ 100-nm-

(b)

R/L (Q/nm)

(a) ;
\
J
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10K e ‘
Ele
] ——
—~ /
@ 1K 4 <A
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S p
k7] )
g ’
4
100 4 : G
] 1
1
YYI
il
iBA
10 dLa
0 1 3 4

Temperature (K)

long samples, including those of Ref. [11] Here the re-
sistance divided by the length of the wire is plotted vs.
the temperature normalized by the critical temperature
of the film electrodes of each sample. A clear dichot-
omy confirms the existence of a superconductor—insu-
lator transition.

Now we compare the R(T) curves of superconducting
MoGe samples with the LAMH theory. Fig. 8 shows R(T)
plots for samples A, B, and C (From Fig. 7a) together with
the LAMH fits computed using Eq. la. The fits show

100 +

-
o
1aal

Fig. 7 Resistance vs. temperature of MoGe nanowires. Each curve represents a different sample. (a) Log-linear plots of zero bias
resistance vs. temperature. The dashed curves represent double-wire structures. (Inset) The same R(T) data magnified near Rq. (b)

Resistance divided by the length is plotted vs. the temperature normalized by the critical temperature of the film. This combined plot
includes all samples listed in Table 1 and the samples from Ref. [11] (thicker lines). The sample X, with L=~ 50 nm, is twice shorter than

Marcer DekkER, Inc. ﬂ
270 Madison Avenue, New York, New York 10016 6

others. A pronounced dichotomy is observed.
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Sample A Sample B Sample C

D 1308166 1658250 971821
. DExp 1118000 2055000 1018000 [ . T
1 ¢ 31.683 30.936 19.814 '
10k 4| € 29.167 30.664 15.751

4.80 4.37 3.86

1k 3 T v_ -----

Resistance (Q

(0/VJE TS S S S—

104 T 1 S

Temperature (K)

Fig. 8 R(T) data (open symbols) for samples A, B, and C compared to the LAMH theory of TAPS (continuous lines). The table shows
the best LAMH fitting parameters cgyp, Dgxp, and Tc and compares them to the parameters (¢t and D) computed from Egs. 2 and 3.
The dashed lines show the predictions of the Giordano model (Ref. [12]) that includes quantum phase slips (heavy dashed lines: a=1.3,
B=17.2; light dashed lines: a=1, B=1). The coefficients a and B are defined in Ref. [12] and determine the ratio of attempt frequencies
and the energy barriers for QPS and TAPS. (Inset) Computed plots of poc=Rmqr/Riamu Vs. t=T/T¢ for c=8, 16, 24, 32, and 40
(assuming a=1 and B=1). The temperature 7#=0.7187 is a universal temperature below which the Giordano model predicts a higher
QPS rate compared to TAPS.

R(Q)
R/L (Q /nm)

10°4, .
1 2 3

4 R .
T (K) T/T,

¢ film

Fig. 9 (a) Resistances vs. temperature for longer (up to 1000 nm) MoGe wires reproduced from Ref. [12] The wire’s normal-state
resistances and lengths are 1: 14.8 kQ, 135 nm; 2: 10.7 kQ, 135 nm; 3: 47 kQ, 745 nm; 4: 17.3 kQ, 310 nm; 5: 32 kQ, 730 nm; 6: 40 kQ,
1050 nm; 7: 10 kQ, 310 nm; 8: 4.5 kQ, 165 nm. (b) Resistance divided by the length plotted vs. temperature, normalized by the critical
temperature of the film electrodes. The solid lines represent the data. The dotted lines are calculated using the model of quantum phase
slips (see Eq. 4 and Eq. 3 of Ref. [12]). The two fitting parameters that produced the best agreement with the experiment curves are
a=1.3 and B=7.2 used for the entire family of experimental curves.
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nearly perfect agreement with the experiment (except very
near Tc where the LAMH theory does not work:?"1). The
experimental fitting constants cgyp, and Dgy,, are in good
agreement with Eqgs. 2 and 3. Thus, the wires act as ho-
mogenous 1-D superconductors, well described by the
LAMH, without including QPS.

Experiments with considerably longer wires (up to
1000 nm) give significantly different results.”"*! The di-
chotomy representing the superconductor—insulator tran-
sition was not observed in these longer wires. On the
contrary, a smooth crossover from strongly supercon-
ducting to weakly superconducting wires has been seen
(Fig. 9). It was possible to fit the entire series of R(T)
curves of Fig. 9 using only two fitting parameters. The
fitting procedure is explained in detail in Ref. [12]. The fits
(dashed lines in Fig. 9b) are made using Eq. 4. The co-
efficients a and B are unknown and were used as free
fitting parameters. The coefficient ¢ is defined in Eq. 2.
It represents the height of the barrier for the phase slips
and it is the same parameter for TAPS as well as for QPS.

The same fitting procedure was applied to short MoGe
wires with Ry<Rq (Fig. 8). The fits, computed using Eq.
4, are shown by dashed lines in Fig. 8. They deviate from
the experimental points considerably. Thus we conclude
that in short wires with low enough normal state resistance
(possibly defined as Ry<Rg) a new regime is realized.
This regime can be called ‘‘true’’ superconductivity be-
cause the QPS rate is strongly suppressed and the LAMH
theory gives correct predictions. This theory predicts that
resistance should be zero at zero temperature. On the
contrary, the wires that show finite contribution of QPS
(such as those shown in Fig. 9) should have a nonzero
resistance even at zero temperature.

The reason for different behavior in short and long
wires is not well understood. Nevertheless, it might be
significant that all long wires (Fig. 9) had their normal
resistance above Rq, whereas the superconducting wires
(Figs. 7 and 8) have their normal resistance lower than Ry,.
Thus, the above-mentioned short and long wires could

Table 2 Parameters of Nb nanowires
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simply be on different sides of the SI transition. In gen-
eral, we find that the low-resistance wires show good
agreement with the LAMH theory, whereas the highly
resistive wires (i.e., those with Ry>Rg) show a consid-
erable deviations form the LAMH (Fig. 9) or even act as
insulators (samples G-J, Fig. 7a), possibly due to QPS.

Superconductivity in Nb Nanowires

Nanowires of Nb, grown on fluorinated carbon nanotubes,
have properties similar to MoGe nanowires. Parameters of
Nb samples are given in Table 2. All Nb wires were
protected with a 2-nm Si film. As in MoGe samples, the
resistance vs. temperature curves show two transitions
(Fig. 10). The first one is due to the Nb film electrodes.
Expectedly, this film transition temperature is lower for
thinner films.”* The resistance measured slightly lower
than the film transition is taken to be the normal-state
resistance of the wire, Ry. The second resistive transition
is due to the nanowire itself. The LAMH theory fits, made
using Eq. 1a (Fig. 10, continuous lines), demonstrate very
good agreement with the data (open circles). The dashed
curves in Fig. 10 represent the Giordano model and in-
clude the QPS effect, calculated with Eq. 5.

They deviate from the experimental points. The effect
of quantum phase slips is negligibly low, i.e., much lower
than the Giordano model predicts. Thus, similar to MoGe
wires, ~100-nm-long Nb wires show very strong sup-
pression of QPS and good agreement with LAMH. The
coherence length, extracted from the LAMH fitting pro-
cedure, is £(0)~8 nm for samples Nb2 and Nb3. This is
comparable to £(0)a~7 nm found in sputtered Nb thin
films. It also agrees well with the estimate £(0)~(&y/ )=
6.9 nm, where £,=40 nm is the coherence length for clean
Nb, and 1~/ 1.2 nm is the mean free path. For higher re-
sistance samples £(0)=~15-20 nm, probably due to the
suppression of the critical temperature.

Interestingly, all Nb wires that show good agreement
with LAMH satisfy the condition Ry<Rq. The only wire

Sample Ry (Q) L (nm) t (nm) w (nm) Tc (K) £(0) (nm)
Nbl 470 137 8 20 5.8 8.5
Nb2 650 120 7 18 5.6 8.1
Nb3 1610 172 6 16 2.65 18.1
Nb4 2350 177 6 15

Nb5 4250 110 4 11.5 2.6 16.5
Nb6 9500 113 4 10.3 1.9 16.05
Nb7 15700 196 4 11

Nb8 47500 235 4 11

Parameters include the length, L (measured under SEM), the sputtered film thickness, ¢, the apparent width, w (measured under SEM), and the normal-
state wire resistance, Ry. The critical temperature, 7, and the coherence length, £(0), are obtained from the LAMH best fits.
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Fig. 10 Temperature dependence of the resistance of Nb
nanowires. The experimental points are given by open circles.
The solid lines show the fits to the LAMH theory of thermally
activated phase slips. These fits are made without including the
quantum phase slips. The fitting parameters, £(0) and Tc, are
indicated in Table 2. The dotted and dashed curves show the fits
calculated under the assumption that quantum phase slips do
occur. The dashed curves are calculated using generic fitting
constants a=1 and B=1, using Eq. 4. The dotted lines represent
the constant obtained in Ref. [12], i.e., a=1.3 and B=7.2. The
other parameters are the same as obtained from LAMH fits.

that deviates from LAMH (sample Nbb6) satisfies Ry>Rq.
Thus, again, the quantum resistance appears as a critical
point. Examples of SI transitions with a critical point at
Renv=Rg have been studied previously in different sys-
tems.*!*?! Such transitions are called dissipative phase
transitions (DPT) and are controlled by the resistance of
the environment. Typically, a transition into an insulating
state takes place when the resistance of the environment
(e.g., a shunting resistance) reaches ~Rp=6.5 kQ. In short
MoGe and Nb nanowires there are certain similarities to
the DPT, in particular the fact that deviations from LAMH
occur when the normal resistance approaches 6.5 kQ. The
dissipative environment for the nanowires could be the
bath of normal electrons generated by phase slips in the
nanowire itself. Thus, our preliminary conclusion is that
such suppression of QPS is due to a quantum dissipation
effect, i.e., the DPT. This question certainly requires
further investigation.

High-Bias Current Phenomena in Nanowires

Voltage vs. current measurements, V(I), are presented
below for a typical Nb nanowire, Nb2. With decreasing
temperature, the V(I) undergoes the following transfor-
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mations. Slightly below 7 and at high-bias currents, the
V(1) follows the exponential dependence predicted by the
LAMH theory, V(I)~exp(l/l;) (Fig. 11a). The experi-
mental value of the coefficient [5~0.09 PA is close to the
theoretical (Ref. [27] p. 291) value, Iy=2ekgT/mth=0.06
pA. At lower T, the resistance becomes immeasurably low
until the critical current is reached. At the critical current,
the sample shows a few voltage steps (Fig. 11b) and then,
at higher bias currents, enters a resistive (or dissipative)
regime with a linear V(I). Each new step in the V(I) curve
is probably due to an appearance of a new phase slip
center (PSC) in the wire.*”!

The multistep V(I) curves indicate that the dissipative
size of a single PSC is less than the length of the wire.
When temperature decreases further, the steps merge,
possibly due to a synchronization of PSCs.**! At low
temperatures, only one large step is present at the critical
current and the hysteresis is always observed (Fig. 11c).
The hysteresis can be explained either by heating!**! or by
the finite relaxation time of the order parameter.*>*>! The
heating should not be the dominant effect because the V(1)
curves in the dissipative state are linear and parallel to the
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Fig. 11 Voltage vs. current curves measured on one Nb
nanowire, Nb2. (a) A V(I) dependence measured at 7=4.8 K
(open circles) in a log-linear representation. The straight solid
line is a guide to the eye. (b) A family of V(I) curves measured at
different temperatures, close to 7c¢=5.6 K. From the left to the
right, the temperatures are: 4.76 K, 4.69 K, 4.58 K, 4.45 K, and
4.35 K. Stepwise behavior corresponds to nucleation of phase
slip centers. The other tested Nb samples showed similar steps.
(None of the MoGe samples showed such steps.) (c) Hysteretic
V(I) variation at the lowest temperature, 7=1.58 K. The critical
current, Ic, the “‘retrapping’ current, Ir, and the offset current,
Is, are indicated by arrows.
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normal-state dependence, V=R, but shifted downward.
In other words, they show a nonzero offset current, Ig,
meaning that the linear par of the V(I) dependence, ob-
served above the critical current, does not extrapolate to
zero current, but rather to a positive offset current, /5. The
I represents a nonzero average supercurrent existing even
at I>1c. This fact suggests that superconductivity survives
in some form in the resistive state.

The critical current for the sample Nb2 extrapolated to
T=0 K is Ic(0)=8 pA. This is close to the depairing
critical current calculated as Ipp=(92 uQ)LTC/RNé(O),[3 4
using the parameters extracted from the LAMH fit. This
expression gives Ipp=12 pQ, reasonably close to experi-
mental value, thus confirming the consistency of the I-(7)
and R(T) measurements. Because the measured values of
1(T) fluctuate slightly (~100 nA) from measurement to
measurement, it is reasonable to assume that the critical
current is suppressed below the expected depairing current
due to the premature switching effect.!*”!

Examples of V(I) curves of MoGe wires are shown in
Fig. 12. They are similar to Nb, but they never show
multiple steps as in Fig. 11b. This is an indication of a
better homogeneity of amorphous MoGe wires or, pos-
sibly the larger dissipative size of the phase slip centers
in MoGe. This conclusion is confirmed by the observa-
tion that the differential resistance measured on the re-
sistive part of the I(V) curve (i.e., above the critical

10 -
s s3
5_ ]
S
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>
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-1.0 00 1.0
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Fig. 12 Voltage vs. current curves for the MoGe samples sl
and s3 (same samples as presented in Ref. [11]). The R-T curves
for these samples are plotted in Fig. 8b. The measurement is
done at 1.5 K. The sample sl had a lower critical temperature
and higher normal resistance, and was close to the SI transition.
Correspondingly, the critical current for s1 is also lower. Yet, the
general shape of both curves is similar. Note that the V(I) curve
of this sample is shifted vertically for clarity (but not rescaled).
Both curves show a nonzero offset current.
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current) coincides with the wire’s normal resistance.
Therefore, the dissipative size of the phase slip center is
equal to the wire’s length of ~100 nm. The measured
critical current of MoGe wires is close to the estimated
depairing current and it diminishes with the wire’s
approaching the SI transition (Fig. 12). Some suppression
of the critical current due to premature switching has also
been observed.

CONCLUSION

Suspended molecular templates have been used for the
fabrication of sub-10-nm nanowires. This allowed an ex-
tensive research of 1-D superconductivity. The main
results are: 1) The LAMH theory is tested in a wide range
of temperatures and showed very good agreement with
measurements carried on short wires (~100 nm), with
Rn<Rq. These wires behave as ‘‘true superconductors’
and should approach zero resistance at zero temperature.
2) Deviations from the LAMH are observed on wires with
Rn>Rg. The Giordano model, involving quantum tun-
neling of phase slips, provides good fits for such wires.
These wires should have a finite resistance at zero tem-
perature. An insulating behavior is also observed in
samples, which are short and satisfy the condition Rx>Rq,.
Future work will address such issues as the origin of the
superconductor—insulator transition and the nature of the
insulating state.
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