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Spatially resolved tunneling spectroscopy of superconducting wires
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We used scanning tunneling microscopy and spectroscopy to study with nanometer resolution the
spatial variation of superconductivity in the vicinity of the interface between normal and
superconductor regions. The samples were novel superconducting wires consisting of ordered arrays
of sub-micron diameter normal metal filaments, either Cu or Ni, embedded in a NbTi
superconducting matrix. By taking topographic images simultaneously with current–voltage curves,
we obtain information about the local quasi-particle density of states on both sides of the interface.
© 1998 American Institute of Physics.@S0003-6951~98!00604-4#

‘‘Artificial pinning centers~APCs! wires’’ are supercon-
ducting wires specially engineered to enhance magnetic flux
pinning in order to increase the critical current at high mag-
netic fields. While in the conventional technique flux-pins
are introduced by creating random defects along the wire, the
APC approach introduces chosen pin materials~normal or
magnetic! in a well defined ordered filamentary configura-
tion. These wires have already demonstrated higher critical
currents than those produced with conventional
processing.1,2 Understanding their microscopic properties
may help to further optimize their performance. In particular,
it is instructive to study the variation of superconductivity in
the vicinity of normal metal (N) – superconductor (S) bound-
aries. The advent of scanning tunneling microscopy~STM!
now enables such local studies of electronic properties.

Two factors may affect the localS properties near the
N-S interface: material intermixing and the proximity effect
~PE!, namely the mutual effect ofN in good electrical con-
tact with S. The PE has been studied for over 3 decades3,4

but has recently met a revival due to technological advance-
ments which afford experiments revealing novel mesoscopic
effects.5–7 One is especially intrigued by the microscopic
variations of the condensate and the pair potential in vicinity
of the N-S boundary, and the way they are reflected in the
quasi-particle density of states~DOS!. The vast majority of
the experiments designed to probe the PE rely onmacro-
scopic measurements~resistivity, magnetization, etc.!, and
thus lose important information on the local behavior. Tun-
neling spectroscopy has also been extensively employed, us-
ing relatively large-areatunnel junctions fabricatedperpen-
dicular to theN-S interface.4

In the past few years some high spatial resolution tun-
neling spectroscopy measurements of the PE have already
been performed.8–10 However, in these studies tunneling oc-
curred through very thinN islands deposited on top of a bulk
superconductor,8 or in granular samples having poor electri-
cal contact between adjacent grains.10 To the best of our
knowledge, spatially resolved measurements where the tun-

neling current isparallel to the interfaces between ‘‘semi-
infinite’’ slabs of materials in good electrical contact~see
inset of Fig. 1! have not previously been conducted. This
letter presents the results of such studies, and demonstrates
their utility in accessing microscopic information in material
science.

The specimens used in our study are APC wires manu-
factured at IGC-Advanced Superconductors, whose method
of manufacture and electrical properties at various magnetic
fields are reported elsewhere.1 A key issue here, with respect
to studies of the PE, is that there is good electrical contact
between the different constituents of the wire.5 Moreover,
the sub-micron diameter of each individual filament, along
with its ‘‘infinite’’ length, make it an ideal system for our
STM measurements~performed along the cross section of
the wire!. On the other hand, one must take into account that
during the fabrication processsomematerial intermixing oc-
curs at the interfaces~although care was taken to design the
wires with immiscible materials!. This intermixing may re-
sult in a significant ‘‘blurring’’ of the interfaces.

We used two types of wires. The first@Figs. 1 and 3~a!#

a!Electronic mail: milode@vms.huji.ac.il
b!Present address: NIST 814.05, Boulder, CO 80303.

FIG. 1. A SEM micrograph focusing on an individual Ni island-pin consist-
ing of a Ni core~center!, a Cu sleeve~dark ring!, and NbTi superconductor
~bright surface all around!. ~Inset! Schematic of the experimental setup. The
black arrow represents the STM tip, and tunneling is parallel to the interface
between the wire constituents.
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has the ‘‘island-type’’ pin geometry and uses a ferromagnetic
pin. The ‘‘unit filament’’ consists of a pin placed inside a
NbTi cylinder. After numerous steps of extrusion and draw-
ing, the NbTi cylinder is reduced to 1mm in diameter. Each
pin consists of a cylindrical Ni filament 200 nm in diameter,
surrounded by a 50 nm thick Cu sleeve which serves as a
diffusion barrier against the migration of Ni into NbTi. A
sample micrograph of a single Ni island pin wire is shown in
Fig. 1. The second wire@Figs. 2 and 3~b!# has the ‘‘barrier-
pin’’ geometry where the unit filament is a NbTi hexagon 80
nm in size, surrounded by a 15 nm thick Cu barrier. The pin
is Cu, a normal metal. Both wires consist of an ordered array
of such unit filaments inside a Cu cladding. The motivation
for the choice of these two wires is twofold: first, the wires
differ considerably in their fine-structure dimensions and
second, one of the wires includes a ferromagnetic constitu-
ent, which is inimical to superconductivity.

After polishing and etching the surface, STM topo-
graphic images of the wire cross section were taken at 4.2 K

simultaneously with current–voltage (I –V) characteristics at
different lateral tip positions. By employing this method we
could study the local DOS~via the dI/dV vs V curves! in
correlation with the surface structure. In particular, we
mapped the DOS as a function of the distance from the in-
terface between different materials. In Fig. 2~a! we plot four
experimental tunnelingI –V curves~fuzzy lines! taken at dif-
ferent positions along the Cu barrier-pin wire, as indicated in
the topographic image@Fig. 2~b!#. The image is presented in
gray scale, where dark corresponds to depressed areas and
bright to elevated ones. It focuses on a small section of a Cu
barrier-pin @depressed due to differential etch rates# sand-
wiched between two NbTi regions, on the upper left and
lower right parts of the image. The change in the local DOS
is manifested in Fig. 2~a!. One can see~curve 1! that deep in
the S side a large spectroscopic gap is apparent, but when
approaching the Cu~darker area! from inside the NbTi the
gap diminishes~curve 2!. In the Cu region a gap is clearly
observed, although smaller than in the NbTi~curve 3!. Fi-
nally, the gap recovers after entering the adjacent NbTi fila-
ment ~curve 4!. We point out that we measured both wires

FIG. 2. ~a! Four I –V characteristics taken at different lateral tip positions
along a Cu barrier-pin wire. The smooth lines were calculated using Dynes’
formula. For curves 1–4,D51.55, 1.45, 0.8, and 1.3 meV, respectively.
Curves are vertically displaced for clarity.~b! Detail of a STM topographic
image of the wire’s cross section, showing the locations where the curves in
~a! were taken. Curves 1, 2, and 4 are taken on two NbTi regions that are
separated by a Cu pin, where curve 3 was taken. The boundaries between
different materials are designated by dashed lines.~Inset! NormalizeddI/dV
traces taken on Cu~top! and deep on NbTi~bottom, solid line!. The dotted
line is a theoretical fit, withD51.55 meV.

FIG. 3. ~a! Spectroscopic gap,D ~black circles, left axis! and normalized
ZBC ~white squares, right axis! data taken on the Ni island pin wire as a
function of distance from the Ni/Cu interface. Boundaries between different
types of materials are designated by vertical dashed lines. The experimental
errors on the data are approximately the size of the symbols.~Inset! Diagram
of the area studied, with an arrow illustrating the scan line on which theI –V
curves were taken.~b! Same as~a!, but for the Cu barrier-pin wire. Note the
difference in scales and that the scan line crosses two Cu/NbTi boundaries.
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also at;10 K ~just aboveTC'9 K!, and thenonly gapless
I –V curves were found all over the samples, indicating that
the gaps present at 4.2 K,both in NbTi and Cu, are of su-
perconducting origin, and not due to extraneous effects.

The parameters which can be extracted from the data are
the magnitude of the gap and the zero bias conductance
~ZBC! normalized to the conductance at a high bias. We
interpret the occurrence of a large gap, combined with low
ZBC, as a signature of the local effect of superconductivity
while a small or vanishing gap and a normalized ZBC close
to unity signify normal metallic behavior.

As an initial approach to data analysis, to obtain an es-
timate of the gap we fit the experimentalI –V anddI/dV vs
V curves using the conventional4 tunneling expressions for
N-S tunnel junctions, taking the DOS introduced by Dynes
et al.11 D designates the superconducting gap andG is a phe-
nomenological quasi-particle lifetime broadening, typically
30% of D. Although this approach does not give a complete
description of the data, it provides a consistent way to quan-
titatively assess the magnitude of the gap. The theoretical fits
are satisfactory as long as one seeks thegeneralbehavior of
the gap, as can be seen in Fig. 2~a!. However, they cannot
account for subtler features which areusually present, in
particular an enhancement of the DOS at the gap edge and
minor peaks in the derivative (dI/dV) aboveD. These may
be attributed to quasi-particle bound states, multiple Andreev
reflections at the material boundaries, and to phonon struc-
ture. These features are observed in thedI/dV traces plotted
in the inset of Fig. 2~a!. The theoretical fits indeed deviate
from the experimental data around the peaks~due to DOS
enhancement!, and do not account for the detailed structure
above the gap@see lower curve and the corresponding fit
~dotted line!#. These latter issues require a more thorough
theoretical treatment7,8 which will be pursued subsequently.
Nevertheless, the general picture is clear.

Figures 3~a! and 3~b! show the variations of the gap,D,
and the ZBC as a function of the distance from the bound-
aries for the two wires. The insets illustrate the direction
along which theI –V curves were taken, and the various
materials along each line. One can see from Fig. 3~a! that
inside the Ni theI –V curves are ohmic~D50; ZBC51! but
in the Cu sleeve,adjacent to the Ni, we already find indica-
tions of a gap. As the NbTi is approached from inside the
Cu, the gap increases and the ZBC diminishes. This trend
continues inside the NbTi with growing distance from the
pin, until saturation values ofD51.55 meV ~yielding the
established4 ratio for NbTi, 2D/kBT;4! and ZBC50.15 are
reached at about 50–60 nm from the NbTi–Cu interface. The
healing length in the Cu barrier-pin wire, namely the dis-
tance from the Cu–NbTi interface over whichD attains its
bulk value, is found to be shorter—about 30–40 nm—as
demonstrated in Fig. 3~b!. Here too, superconductivity is
monotonically suppressed in the NbTi as the Cu–NbTi inter-
face is approached.D continues to decrease within the Cu
region, reaching its minimal value approximately midway
between the two adjacentS filaments, as expected.

The origin of the gap and the value ofD we extract do
not lend themselves to an easy interpretation, in particular
not in N. Close to the interface the gap inN should be
affected by intermixing. However, far enough from the

boundary, where intermixing effects are negligible, the gap
in N is probably due mainly to leakage of Cooper pairs and
quasi-particles fromS to N. This is consistent with the dirty
limit approximation for the PE,4 yielding a Cooper pair~or-
der parameter! penetration length of;50– 100 nm into the
Cu. It is also consistent with the fact that the gap is com-
pletely suppressed in the ferromagnetic Ni region, due to pair
breaking.12 A single quasi-particle bound state of energy
close to the superconducting gap of NbTi may also lead to a
similar gap structure.8 However, this is not likely to be the
case here, since the boundaries are not specular at the na-
nometer scale and the magnitude of the measured gap varies
spatially along the Cu. The gap inS, on the other hand, is
directly related to the local pair potential.

We find that superconductivity is suppressed in NbTi
near the interface with Cu, and its healing length in the~fer-
romagnetic! Ni island-pin wire~50–60 nm! is larger than in
the Cu barrier wire~30–40 nm!. An important result is that
these lengths aremuch largerthan the superconducting co-
herence length in NbTi at 4.2 K,jS;5 nm.13 This can be
attributed to intermixing of materials at the interfaces, which
could have occurred during fabrication. However these large
healing lengths, along with the substantial difference be-
tween the two wires, may be partly due also to a strong PE
induced by Cu which can be further enhanced by the pres-
ence of the Ni filament. Our datacannotbe explained by bad
electrical contact betweenS andN, as we recall10 that in the
case of bad electrical contact and no intermixing, the healing
length of superconductivity insideS is comparable tojS ,
and gaps hardly appear in theN regions. Further studies, in
particular—measurements in magnetic fields, are needed in
order to clarify this problem and assess the origin of the gap
in the normal regions.
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