
PHYSICAL REVIEW B 1 DECEMBER 1998-IIVOLUME 58, NUMBER 22
Scanning tunneling microscope studies of the superconductor proximity effect
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Scanning tunneling microscopy and spectroscopy are employed in studies of the proximity effect between
normal metals and superconductors. The experimental configuration is unique, in that the tunneling current
flows in parallel to the interfaces between different materials. The samples are superconducting wires consist-
ing of ordered arrays of submicron diameter normal-metal filaments, either Cu or Ni~a ferromagnet!, embed-
ded in a NbTi superconducting matrix. By taking topographic images simultaneously with current-voltage
curves, we map with nanometer resolution the local quasiparticle density of states. Two main issues are
addressed in this work. The first is the spatial variation of the superconductor gap as a function of distance
from the boundary between the normal-metal and the superconductor. We find that the healing length of the
gap on the superconducting side is much larger than the superconductor coherence length. The second is the
observation of pronounced Tomasch oscillations and bound states arising from multiple Andreev reflections of
quasiparticles propagating in the plane perpendicular to the tunneling current.@S0163-1829~98!03946-0#
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INTRODUCTION

The mutual influence of a superconductor~S! in electrical
contact with a normal metal~N!, a phenomenon known a
the proximity effect~PE!, has been studied extensively in th
past three decades.1,2 Among the main issues that are de
with when addressing the PE are the following:~1! Spatial
variations of the pair amplitude in the vicinity of theS-N
boundary.~2! Quasiparticle bound and resonant states aris
from multiple Andreev reflections atS-N interfaces in struc-
tures comprising more than a single such boundary. Th
effects are reflected in the local quasiparticle density of st
~DOS! that can be measured in a tunneling experiment
particular using a scanning tunneling microscope~STM!
with a normal metal tip. AtT50, the measured tunnelin
dI/dV vs V curve is directly proportional to the sample
DOS, and at finite temperatures it is thermally smeared.
conventional BCS bulk superconductor the DOS has
form uEu/AE22D2 for uEu.D and zero foruEu,D, whereD
is the gap parameter and equals half the energy gap in
DOS. In a homogeneousS, the gap coincides with the supe
conducting pair potential,DP , responsible for the condensa
tion of quasiparticles into Cooper pairs.3 In a N-S proximity
structure, whereDP is not spatially uniform, the gap in th
DOS and the pair potential do not necessarily coincide. I
ally, an abrupt change in the pair potential is assumed: fr
a finiteDP on theSside, to zero on theN side. However, the
DOS ~which can be measured experimentally! changes
smoothly from theN side to theS side, due to the smooth
variations of the pair amplitude, which describes the cor
lations between electrons of opposite spins. The pair am
tude can be inferred from the spatial variations in the DO
using Usadel formalism,4 as was done by Gueronet al.5 and
PRB 580163-1829/98/58~22!/15128~7!/$15.00
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Belzig, Bruder, and Schoen.6 A measure for the pair ampli
tude can also be obtained from the magnitude of the gap~or
‘‘minigap’’ in Refs. 5 and 6! in the DOS. The gapD can be
extracted by fitting the measured DOS to the Usa
equations.5,6 However, at a region close enough to theS-N
interface, a good estimate for the gap can be obtained
fitting to a lifetime broadened BCS DOS, such as was int
duced by Dynes, Naraynamurti, and Garno.7 Thus, spatially
resolved measurements of the DOS are fundamental in o
to study the spatial variations of the pair amplitude in P
structures.

Recently, research of the PE gained further moment
thanks to technological advances that enable the fabrica
of complex mesoscopic devices. Nevertheless, many of th
works8–11 followed earlier studies2 and addressed macro
scopic properties of the samples, thus obtaining aver
rather than local information on the DOS. In other cas5

spatially resolved data were sought, but only in a limit
number of locations. The advent of STM enables spatia
resolved measurements of the DOS. This is achieved by
ing topographic images simultaneously with tunneli
current-voltage (I -V) or dI/dV vs V characteristics. Some
STM experiments treated systems composed of a norm
metal island film deposited onto aS substrate.12,13 In these
works tunneling took placeperpendicularto the S-N inter-
face, so that the evolution of the DOS as a function of d
tance from theS-N boundary was not deduced. Hesset al.
measured a type-II superconductor in the Abrikosov vor
lattice state, mapping the DOS around and within a sin
flux-vortex.14 Although in these experiments tunneling w
in parallel to the ‘‘boundaries’’ betweenN andSregions, this
STM study did not address a proximity structure involvin
different metals. Inoue and Takayanagi employed STM
15 128 ©1998 The American Physical Society
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study the evolution of the DOS as a function of the late
distance from aS-N interface, where theS was a thin over-
layer film.15

In our research we employ a cryogenic STM in order
obtain spatially resolvedinformation about the local quas
particle DOS, when tunneling parallel to the material boun
aries. The samples consist of ordered arrays ofS andN fila-
ments of ‘‘semi-infinite’’ length in good electrical contac
where the arrays have a lateral scale in the submicron ra
This lateral scale is suitable for STM studies, and also
ables the observation of mesoscopic effects resulting f
multiple Andreev reflections. Furthermore, in some samp
the N metal is ferromagnetic, and as such is inimical to s
perconductivity, so that a pronounced proximity effect is e
pected. A schematic illustration of the experimental config
ration is shown in Fig. 1~a!.

We focus on two properties of these systems:~a! The
evolution of the DOS as a function of the distance from
S-N boundary; preliminary results on this issue have alre
been published,16 and here we present further studies p
formed on samples of a different lateral scale, which allow
better understanding of the data.~b! Evidence of bound
states~of the de Gennes–Saint James type!2,17 and Tomasch
oscillations2,18 observed at specific STM tip locations ov
the sample. The latter measurements are unique in that
neling occurs perpendicular to the plane where the quasi

FIG. 1. ~a! Schematic of the experimental setup. The black
row represents the STM tip, and tunneling takes place in paralle
the interfaces between the wire’s constituents.~b! Scanning electron
microscope micrograph of a large Ni island-pin wire, sampleA,
displaying an array of unit filaments. Each unit filament consists
a pin ~bright!, surrounded by a NbTi hexagon~dark! that is coated
by a thin Nb layer~bright!.
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ticles that undergo Andreev reflections propagate~and in
parallel to the reflecting planes!.

The samples we investigate are ‘‘artificial pinning cente
~APC’s! wires’’ manufactured at IGC-Advanced Superco
ductors. APC superconducting wires are specially enginee
to enhance magnetic-flux pinning in order to increase
critical current at high magnetic fields. While in the conve
tional technique flux pins are introduced by creating rand
defects along the wire, the APC approach introduces cho
pin materials in a well-defined ordered filamentary config
ration. These wires have already demonstrated higher cri
currents than those produced with convention
processing.19,20 Details of the fabrication process and of th
wires’ electrical properties at various magnetic fields are
ported elsewhere.19 In order to further optimize the perfor
mance of these wires, local measurements such as thos
ported here are needed. Thus, our work has a
technological importance and demonstrates the effective
of STM in applied research.

EXPERIMENT

We used three types of APC wires. The first two have
‘‘island’’-pin geometry and use a Cu-coated ferromagne
~Ni! pin. The Cu sleeve serves as a diffusion barrier aga
the migration of Ni into NbTi. The ‘‘unit filament’’ consists
of a pin placed inside a NbTi~S! cylinder that is surrounded
by a thin Nb cylinder@S8 in Fig. 4~a!#. After some steps of
extrusion, drawing, and restacking, where only the first s
is performed at elevated temperature~‘‘hot step’’!, the wires
are reduced by drawing to their final size. We studied t
types of Ni island-pin wires. SampleA: ‘‘Large wire’’ @Figs.
1~b!, 3~a!, 4#, where each unit filament has an outer diame
of 1.3 mm, and the pin consists of a cylindrical Ni filamen
200 nm in diameter, surrounded by a 50 nm thick Cu slee
A scanning electron microscope~SEM! micrograph taken on
sampleA displaying part of an array of individual Ni islan
pins is shown in Fig. 1~b!. SampleB: ‘‘Small wire’’ @Figs. 2,
3~b!#, which is derived from the large wire by an addition
cold draw step. All the lateral dimensions of this wire a
reduced by one order of magnitude with respect to samplA.
The third wire, sampleC, @Figs. 3~c! and 5# has the ‘‘barrier-
pin’’ geometry, where the unit filament is a NbTi hexagon
nm in size, surrounded by a 15 nm thick Cu cladding, m
ing the distance between adjacent superconducting filam
30 nm. The Cu cladding serves as the pin. The paramete
all three samples are summarized in Table I. This choice
wires allows the study of samples with different geometr
and lateral dimensions. It also affords a comparison betw
samples having ferromagnetic constituents as oppose
ones that are nonmagnetic.

Sample preparation for STM measurements consists
cutting the wires, polishing them along their cross sect
and finally subjecting them to a short chemical etch. Besi
removing surface impurities and oxide layers, the chem
process causes some of the constituents to be more depr
relative to others~due to different etch rates!, and thus facili-
tates the STM detection of the boundaries between diffe
materials. Immediately after the etch the samples
mounted onto our cryogenic STM, having a Pt-Ir~normal
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alloy! tip. The sample space is then evacuated and filled w
low-pressure He exchange gas, prior to immersing it in
uid helium. All the data presented in this paper were
quired at a temperature of 4.2 K.

STM topographic images of the wire cross section w
taken simultaneously withI -V or dI/dV vs V characteristics
at different lateral tip positions. TheI -V and derivative
curves were acquired while momentarily disabling the ST
feedback loop. The local DOS vs energy was thus stud
~via the dI/dV vs V curves! in correlation with the surface
structure. The differential conductance curves were eit
measured directly using standard lock-in technique, or
numerical differentiation of the acquiredI -V curves. Care
was taken to use small enough tunneling currents so
local superconductivity, in particular the measured DOS, w
unaffected.

FIG. 2. ~a! STM topographic image taken on a small Ni islan
pin wire, sampleB, depicting an individual Ni pin. Most of the Cu
sleeve is visible around the pin. The interfaces between the diffe
constituents have been designated by dashed lines.~b! ThreeI -V
characteristics taken at 4.2 K at different lateral tip positions
sampleB. The curves were taken deep in the NbTi, on the Cu a
on the Ni, respectively, for curves 1–3. The smooth lines w
calculated using Dyne’s formula~Ref. 7!. For curves 1–3, the gap
are 1.55, 0.85, and 0 meV, respectively. Curves are displaced
clarity. Inset: adI/dV trace taken deep in the NbTi region. Th
dotted line is a theoretical fit to Dynes’ formula, with a gap of 1.
meV.
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RESULTS AND DISCUSSION

Spatial variations of the superconducting gap,D

In Fig. 2~a! we present a topographic image taken on
small Ni island-pin wire, sampleB. The topographic scan
was performed with a bias of 50 meV, well above the sup
conducting gap of NbTi, where the local DOS inS is ‘‘me-
tallic’’ ~constant!. Thus, the image represents the true surfa
topography of the sample. The image focuses on an in
vidual pin, with parts of the Cu sleeve and NbTi also sho
ing ~depressed, due to a faster etch rate!. Dashed lines were
drawn along the different boundaries, which can be de
mined from the image to an accuracy of the order of 1 n
The image is presented in gray scale, where dark corresp
to depressed areas and bright to elevated ones. This

FIG. 3. ~a! Gap ~black circles, left axis! and normalized ZBC
~white squares, right axis! on the large Ni island-pin wire, sampleA,
as a function of distance from the Ni-Cu interface. Boundaries
tween different types of materials are designated by vertical das
lines. The experimental errors on the data are approximately
size of the symbols. Inset: Diagram of the area studied, with
arrow illustrating the scan line on which theI -V curves were taken.
~b!. Same as~a!, but for the small Ni island-pin wire, sampleB.
Note that the horizontal scale is much smaller.~c! The same as~a!,
but for the Cu barrier-pin wire, sampleC. Note the different hori-
zontal scale and that the scan line crosses two NbTi/Cu bounda
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contrast to a SEM image, such as Fig. 1~b!, where bright
areas signify enhanced secondary electron emission. W
comparing Fig. 1~b! ~sample A! to 2~a! ~sample B! one
should also note the differences in lateral scales and sp
~three dimensional! resolution. In Fig. 2~b! we plot three
experimental I -V curves and corresponding fits~smooth
lines!, taken at different positions on sampleB, manifesting
the changes in the local DOS. In curve 1, taken deep in
the superconductor, a large gap in the DOS is appar
Curve 2 was acquired inside the Cu, where the gap is m
smaller, but nevertheless clearly observed. The gap in

FIG. 4. ~a! Left: An illustration of the variation of the pair
potentialDP at the boundaries between different materials. Suc
configuration can give rise to resonant states~dashed lines!, and
Tomasch oscillations in theI -V curves. Right: A schematic of a N
island-pin unit filament, where this configuration is realize
N(Cu), S(NbTi), S8(Nb). ~b! A dI/dV vs V curve taken on a large
Ni island-pin wire, sampleA, with the STM tip situated on the
NbTi, in the vicinity of the Cu-NbTi interface. Notice the fou
peaks above the gap edge~‘‘0’’ !, attributed to Tomasch oscillations
~c! The energy squared of the peak positions plotted as a functio
the square of peak number, designated in~b!. The nearly overlap-
ping symbols correspond to peaks at negative~circles! and positive
~squares! bias. The data points fall nearly on a straight line, fro
which one can obtain, using Eq.~1!, the pair potential and the width
of the superconductor: 1.3 meV and 510 nm.
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should not be confused with the local pair potential,DP ,
which is vanishingly small in Cu.2 Inside the Ni, where curve
3 was measured, the gap vanishes completely, and theI -V
characteristic is Ohmic. In the inset we plot a typical deriv
tive curve acquired well within the NbTi along with a theo
retical fit ~dashed line!. This curve too exhibits a pronounce
gap structure, manifesting a gap in the DOS. We note
when the wires were measured at;10 K ~just aboveTC
'9 K!, only gapless curves were found all over the samp
This indicates that the gaps in the DOS present at 4.2 K~both
in NbTi and in Cu! are due to superconductivity and not
extraneous effects.

Two main parameters can be extracted from the curv
the magnitude of the gap in the DOS and the zero-bias c
ductance~ZBC! normalized to the conductance at a hig
bias. The occurrence of a large gap combined with low Z
is a signature of superconductivity~large pair amplitude! at
that location, while a small or vanishing gap, together with
normalized ZBC close to unity, signify normal metallic b
havior. In order to extract the gap we fit the data to t
conventional tunneling expressions forN-insulator-S tunnel

a

;

of

FIG. 5. ~a! Left: An illustration of the variation of the pair-
potential DP at two different boundaries betweenN and S. This
configuration can support quasiparticle bound states~dashed line!.
Right: A schematic of the unit filament in the Cu barrier-pin wir
sample C, where such a configuration is realized;N(Cu),
S(NbTi). ~b! Two normalizeddI/dV vs V curves taken on a Cu
barrier-pin wire, on the Cu, in the vicinity of the NbTi-Cu interfac
The curves were acquired at two different positions, as indicate
~a!. Both curves exhibit a subgap structure~highlighted by arrows!
at energies consistent with the presence of bound states.
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TABLE I. Type and dimensions of the three wires studied. The thickness of NbTi and Cu for sampA
andB refer to the widths of the cylinders, not their outer diameter. In sampleC the Cu thickness refers to th
width of the wall which separates two adjacent NbTi filaments. The rightmost column presents the h
length of superconductivity inside the NbTi, as explained in the text.

Sample Type of wire Ni diameter~nm! Cu thickness~nm! NbTi thickness~nm! Healing length~nm!

A Large Ni island 200 50 500 60–70
B Small Ni island 20 5 50 25
C Cu Barrier 30 80 25
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junctions,2 taking the DOS introduced by Dyneset al.7 Such
fits ~performed forT54.2 K! are presented in Fig. 2~b!. One
can see that the fits are satisfactory when trying to depict
gross behavior of the curves, in particular the gap. Howe
this approach cannot account for additional structures
may appear, either within or above the gap region~as will be
discussed below!. A more complete approach for analyzin
the variation of the local DOS, in particular inN, should be
within the framework of the Usadel equations.4,5,6,11,21Here,
however, the distances from theN-S boundary where our
data were acquired are much smaller than the Ginzb
Landau coherence length inN, jN ~typically ;100 nm at 4.2
K!. At this range the Usadel DOS does not deviate sign
cantly from the one used in Dynes’ model.

Figures 3~a!, 3~b!, and 3~c! show the variations of the ga
and the ZBC as a function of the distance from the bou
aries for the three wires. The insets illustrate the direct
along which theI -V curves were taken, and the various m
als along that line. For the large Ni island pin, sampleA @Fig.
3~a!#, one can see that the curves taken inside the Ni
Ohmic, but in the Cu sleeve,adjacent to the Ni, indications
of a gap are already found. As the NbTi is approached fr
inside the Cu, the gap increases and the ZBC diminis
This trend continues inside the NbTi with growing distan
from the pin, and at;60 nm from the NbTi-Cu interface th
gap parameter saturates at 1.55 meV~the established2 value
for bulk NbTi! and the ZBC at 0.15. The situation is qua
tatively similar for the small Ni island pin, sampleB @Fig.
3~b!#, the only difference being the lateral scale. The heal
length for this wire, namely the distance from the NbTi-C
interface over which the gap attains its bulk value, is fou
to be shorter, about 25 nm. In the Cu barrier-pin wi
sample C @Fig. 3~c!#, superconductivity is monotonically
suppressed in the NbTi as the Cu-NbTi interface is
proached. The gap continues to decrease within the Cu
gion, reaching its minimal value approximately midway b
tween the two adjacentSfilaments, as expected. The healin
length in NbTi in this case is found to be;25 nm. The
healing lengths for all three samples, whose determina
was made more accurate and reproducible by looking
polynomial fits to our data, are listed in Table I.

It is important to stress here that the healing lengths fo
for all three wires are significantly larger than the superc
ducting coherence length expected for NbTi at 4.2 K,jS
;5 nm.22 A possible explanation for this effect could b
material intermixing. Although care was taken to design
wires with immiscible materials, it is probable that durin
wire fabrication, in particular in the hot step, some mate
interdiffusion may have occurred at the boundaries betw
different metals. This would result in ‘‘blurring’’ the inter
e
r,
at

g-

-

-
n
-

re

s.

g

d
,

-
e-
-

n
at

d
-

e

l
n

faces. However, this does not seem to be the full explanat
The reason being, that since only a cold-step~cold draw! is
used to transform a large Ni island-pin wire to a small on
no further significant intermixing is expected. Thus, o
would expect the original intermixing present in the lar
wire ~due mainly to the hot-step! to scale down by an orde
of magnitude from sampleA to sampleB. This is not what
was found experimentally, where the healing length was
duced only by 60%. Another possible cause for the la
healing length, at least in the Ni island-pin wire, could be t
presence of the magnetic constituent. Albeit the Ni filame
are not macroscopically magnetized throughout the wh
length of the wire, they are divided into magnetic domai
which may be up to 100 nm long.23 It is plausible that the
domain closest to the surface exerts a small magnetic fi
that may locally degrade superconductivity. The enhan
healing length may also result from a more fundamental r
son, the possible reduction of the local pair potential,DP in S
near theN-S interface. To verify this, a self-consistent ca
culation, whereDP is allowed to vary smoothly~rather than
abruptly! at the interface, may be needed.

The origin and in particular the value of the gap do n
lend themselves to an easy interpretation, in particular no
N. Close to the interface the gap may be affected by in
mixing. However, far enough from the boundary, where
termixing effects are negligible, the gap inN is probably due
mainly to Andreev reflections leading to leakage of Coop
pairs and quasiparticles fromS to N. This is consistent with
the dirty-limit approximation for the PE,2 yielding a Cooper
pair ~pair amplitude! penetration length of;100 nm into the
Cu at 4.2 K, when no magnetic constituents are present@e.g.,
Fig. 3~c!#. It is also consistent with the fact that the gap
completely suppressed in the ferromagnetic Ni region,
least more than 1 nm away from the Cu-Ni boundary, due
pair breaking. Indeed, the expected coherence length
ferromagnet is less than a nm.24,25 Pair breaking results also
in a reduction of the penetration length in the Cu, as can
clearly seen in sampleB, where the Cu sleeve is very thin
These issues are best dealt with~in diffusive systems! using
the Usadel formalism.5,6 It predicts that the coherence be
tween electronlike and holelike quasiparticles of low exci
tion energies extends over large distances, resulting in
appearance of a ‘‘minigap’’ in the DOS ofN, even at dis-
tances significantly larger thanjN . Minigaps at such large
distances were observed by Gueronet al.5 In our experiment
we focus on the DOS at much smaller distances.

Quasiparticle bound states and Tomasch oscillations

Our samples consist of a multitude ofS-N interfaces.
Such a configuration may support, in favorable cases, qu
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particle bound and resonant states, resulting from mult
Andreev reflections.2,11,17,18We shall first focus on the reso
nant states that give rise to Tomasch oscillations. If a su
conductor is placed in between two metals having a differ
pair potential, the structure results in a pair potential st
Quasiparticles having energies above the pair potential
undergo double Andreev reflections at opposing bounda
give rise to resonant states. These resonances are reflec
the dI/dV vs V ~differential conductance! curves as Tom-
asch oscillations.2,18 Theoretical calculations for a one
dimensional structure yield the energy of thenth conduc-
tance peak,

En
2'Dp

21S hvF

2dS
D 2

n2, ~1!

wheredS andDP are the width of the superconductor and
pair potential, respectively.vF is the renormalized~due to
strong-coupling effects!2 Fermi velocity in the supercon
ductor,;108 cm/s in NbTi.2

A case of Tomasch oscillations appears in the Ni isla
pin wires, as shown schematically in Fig. 4~a!. The thick
NbTi cylinder is placed between the inner Cu sleeve and
outer Nb layer. Andreev reflections can then take place at
Cu-NbTi and NbTi-Nb interfaces. Although Nb and NbT
have a similar Tc , the gap of NbTi is larger due to
strong-coupling effects.2 ~Note, that the pair potential step a
the Nb-NbTi interface is not essential for the observation
Tomasch oscillations, since the surface of the unit filam
could also serve as an Andreev-reflecting boundary. H
ever, this potential step probably enhances the effect.2! Fig-
ure 4~b! presents a differential conductance curve taken
the Ni island wire with large pins, sampleA, when the tip
was placed over the NbTinear the NbTi-Cu boundary. To-
masch oscillations, comprising the above-gap structure in
curve, are clearly visible both at positive as well as at ne
tive biases. These oscillations could be observed when
the interfaces appeared sharp in the STM image. In cont
no subgap structures appeared in any of theI -V curves mea-
sured on this sample.

These oscillations cannot be attributed to phonon str
ture, which is found in NbTi only at energies above
meV.2 Nevertheless, in order to prove that they are inde
due to resonant states, and not due to other effects, we pl
Fig. 4~c! the square of the conductance-peak energies (En

2)
vs n2 @the corresponding integersn are denoted in Fig. 4~b!#.
The data can be well fit to a straight line~shown in the
figure!, from whichDP and the width of the superconducto
may be extracted using Eq.~1!. For the data presented he
these values areDP51.3 meV anddS5510 nm, and in all
the other conductance curves that exhibited Tomasch o
lations, taken on different wires of this type at various loc
tions, we found 1.2<DP<1.8 meV and 490<dS<520 nm.
These values ofDP are consistent with the measured gap
the bulk of Nb~namely, the pair potential in NbTi! and those
of ds are in close agreement with the nominal thickness
NbTi in this sample, 500 nm. The fact that the Tomas
oscillations appear clearly in our curves is somewhat surp
ing. Obviously, electrons do not travel ballistically across
500 nm thick NbTi cylinder, as assumed in the conventio
model. However, the detection of Tomasch oscillations s
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gests a measurable contribution from electrons travel
phase coherently between boundaries. This condition is p
sibly sufficient for the observation of Tomasch oscillations
full explanation may require new theoretical calculations.

Further evidence that supports the assignment of
above-gap structure to Tomasch oscillations is that t
could be observed only in the NbTi, but not inside the C
Furthermore, these oscillations were not seen deep inside
S, but only near the S-N boundary, where Andreev reflec
tions take place. Although one might expect to find Tomas
oscillations also in the small Ni island pin, we could n
observe them there. This is because in these wires the w
of the superconductor is much smaller, and consequently
~expected! resonant states lie at much higher energies@see
Eq. ~1!#, where the probability to undergo Andreev refle
tions is extremely small. We did find, however, evidence
the first two lowest resonant states~two Tomasch oscilla-
tions! in the Cu barrier-pin wires, where the NbTi dimen
sions are intermediate between the large and small island
wires.

Next we discuss the quasiparticle bound states. Whe
normal metal is placed in between two superconductor
pair potential well is formed. This potential well may suppo
one or more quasiparticle bound states.2,17 This is the situa-
tion in the Cu barrier pin wire, as sketched in Fig. 5~a!. It can
be shown2 that in the one-dimensional case, with the sim
plest boundary conditions, the energy of thenth bound state
is given by

2dN

\vF
En5np1cos21S En

DP
D , ~2!

whereDP is the pair potential,dN is the width of the normal
region, andvF is the normalized Fermi velocity inN. Figure
5~b! depicts two differential conductance curves taken on
wire with the Cu barrier pin, sampleC, over the Cu near the
Cu-NbTi boundary. The first curve was acquired in t
middle of a hexagon’s side while the other was acquired n
a hexagon’s corner, as illustrated in Fig. 5~a!. We see that
both curves have almost the same gap and manifest a su
structure, which we attribute to quasiparticle bound states
should be noted that the curves taken in the middle o
hexagon’s side~such as curve 1! exhibit a sharper and some
what higher energy of the bound state than the curves ta
at the hexagon’s corner~such as curve 2!. The reason for this
may be that at the corner of the hexagondN is not as well
defined as in the middle of a side section. Furthermore, w
the bound state in curve 1 results predominantly from A
dreev reflectionsperpendicularto the Cu channel, those in
curve 2 have large contributions from reflections of quasip
ticles traversingalong the Cu channel, as well as from re
flections from the hexagon corners. These lead to b
broadening and lowering of the bound states in the corner~2!
position. The energy location of the subgap features
somewhat lower, although in reasonable agreement with
predicted by Eq.~2! for our sample’s parameters. We wish
note that despite these spatial variations in the detailed sh
of the subgap structure, such structures~the bound states!
have been foundonly insidethe Cu region. Moreover, eve
there, they could be resolved only in the vicinity of theS-N
boundaries, since deeper inside the Cu the supercondu
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gap in the DOS diminishes and overlaps the bound st
However, wherever it can be detected, the energy of the
gap structure does not depend on the distance from theN-S
boundary.

SUMMARY

In this article we have demonstrated that detailed inf
mation on the PE can be obtained by employing STM
spatially resolved measurements where tunneling is par
to the N-S boundaries. The spatial variations of superco
ductivity as a function of distance fromN-S interfaces in
various APC superconducting wires were investigated,
two major results were found:~1! The healing length of su
perconductivity insideS ~NbTi! is much longer than the
Ginzburg-Landau coherence length,jS . This can possibly be
attributed to the effects of both material intermixing and
cal magnetic fields. It may also be due to weakening of
pair potential in NbTi near theN-S interface, affecting the
spatial variations of the DOS~2! A gap develops in the
DOS of theN metal, at distances from theS-N boundary
which are consistent with the dirty-limit approximation.
e

e
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r-
in
llel
-

nd

-
e

more accurate theoretical modeling using Usadel equation
needed in order to better understand the evolution of
DOS on both sides of theN-S interface. Up to now Usade
formalism has been applied only for simple geometries, s
as a singleN-S interface5,6 or PE in narrow constrictions,11,21

and the implementation to our geometry is unfortunately n
straightforward. Finally, we found~at specific STM tip posi-
tions! pronounced subgap structures in theI -V characteris-
tics due to quasiparticle bound states, as well as above
structure, attributed to Tomasch oscillations. To the best
our knowledge, these effects have not been measured
configuration where the tunneling current isparallel to the
materials’ interfaces, namely, perpendicular to the path of
Andreev-reflected quasiparticles. Such measurements
rectly depict the effect of Andreev reflections on the loc
DOS.
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