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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(arfbiromagnet 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 cy86a63-182¢08)03946-(

INTRODUCTION Belzig, Bruder, and SchoéhA measure for the pair ampli-
tude can also be obtained from the magnitude of the(gap
The mutual influence of a superconduct8r in electrical  “minigap” in Refs. 5 and 6 in the DOS. The gap can be
contact with a normal metalN), a phenomenon known as extracted by fitting the measured DOS to the Usadel
the proximity effectPE), has been studied extensively in the equations:® However, at a region close enough to BeN
past three decadé§.Among the main issues that are dealt interface, a good estimate for the gap can be obtained by
with when addressing the PE are the followirid)) Spatial fitting to a lifetime broadened BCS DOS, such as was intro-
variations of the pair amplitude in the vicinity of tH&N duced by Dynes, Naraynamurti, and Gafribhus, spatially
boundary(2) Quasiparticle bound and resonant states arisingesolved measurements of the DOS are fundamental in order
from multiple Andreev reflections &-N interfaces in struc-  to study the spatial variations of the pair amplitude in PE
tures comprising more than a single such boundary. Thesstructures.
effects are reflected in the local quasiparticle density of states Recently, research of the PE gained further momentum
(DOY) that can be measured in a tunneling experiment, irthanks to technological advances that enable the fabrication
particular using a scanning tunneling microscof@TM)  of complex mesoscopic devices. Nevertheless, many of these
with a normal metal tip. AfT=0, the measured tunneling work~** followed earlier studi€sand addressed macro-
dl/dV vs V curve is directly proportional to the sample’s scopic properties of the samples, thus obtaining average
DOS, and at finite temperatures it is thermally smeared. In @ather than local information on the DOS. In other cases
conventional BCS bulk superconductor the DOS has thgpatially resolved data were sought, but only in a limited
form |E|/JE?— AZ for |E|>A and zero fol E|<A, whereA  number of locations. The advent of STM enables spatially
is the gap parameter and equals half the energy gap in thesolved measurements of the DOS. This is achieved by tak-
DOS. In a homogeneou the gap coincides with the super- ing topographic images simultaneously with tunneling
conducting pair potential\p, responsible for the condensa- current-voltage I(-V) or dI/dV vs V characteristics. Some
tion of quasiparticles into Cooper pait$n a N-S proximity ~ STM experiments treated systems composed of a normal-
structure, where\p is not spatially uniform, the gap in the metal island film deposited onto @ substraté?*®In these
DOS and the pair potential do not necessarily coincide. Ideworks tunneling took placgerpendicularto the S-N inter-
ally, an abrupt change in the pair potential is assumed: fronfiace, so that the evolution of the DOS as a function of dis-
a finite Ap on theSside, to zero on th#l side. However, the tance from theS-N boundary was not deduced. Hestsal.
DOS (which can be measured experimentpllghanges measured a type-ll superconductor in the Abrikosov vortex
smoothly from theN side to theS side, due to the smooth lattice state, mapping the DOS around and within a single
variations of the pair amplitude, which describes the correflux-vortex!* Although in these experiments tunneling was
lations between electrons of opposite spins. The pair ampliin parallel to the “boundaries” betweed andSregions, this
tude can be inferred from the spatial variations in the DOSSTM study did not address a proximity structure involving
using Usadel formalisrfias was done by Gueraet al® and  different metals. Inoue and Takayanagi employed STM to
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ticles that undergo Andreev reflections propag@ad in
parallel to the reflecting plangs

The samples we investigate are “artificial pinning centers
(APC'’s) wires” manufactured at IGC-Advanced Supercon-
ductors. APC superconducting wires are specially engineered
to enhance magnetic-flux pinning in order to increase the
critical current at high magnetic fields. While in the conven-
tional technique flux pins are introduced by creating random
defects along the wire, the APC approach introduces chosen
pin materials in a well-defined ordered filamentary configu-
ration. These wires have already demonstrated higher critical
currents than those produced with conventional
processing®?° Details of the fabrication process and of the
wires’ electrical properties at various magnetic fields are re-
ported elsewher® In order to further optimize the perfor-
mance of these wires, local measurements such as those re-
ported here are needed. Thus, our work has also
technological importance and demonstrates the effectiveness
of STM in applied research.

EXPERIMENT

We used three types of APC wires. The first two have the
“island”-pin geometry and use a Cu-coated ferromagnetic
Nb Wall Pin NbTi (Ni) pin. The Cu sleeve serves as a diffusion barrier against
the migration of Ni into NbTi. The “unit filament” consists
FIG. 1. (@) Schematic of the experimental setup. The black ar-0f a pin placed inside a NbTE) cylinder that is surrounded
row represents the STM tip, and tunneling takes place in parallel tdoy a thin Nb cylindeS’ in Fig. 4(@)]. After some steps of
the interfaces between the wire's constituettis Scanning electron  extrusion, drawing, and restacking, where only the first step
microscope micrograph of a large Ni island-pin wire, sample is performed at elevated temperat(thot step”), the wires
displaying an array of unit filaments. Each unit filament consists ofare reduced by drawing to their final size. We studied two
a pin (bright), surrounded by a NbTi hexagddark that is coated  types of Ni island-pin wires. Sample “Large wire” [Figs.
by a thin Nb layer(bright). 1(b), 3(a), 4], where each unit filament has an outer diameter
of 1.3 um, and the pin consists of a cylindrical Ni filament
study the evolution of the DOS as a function of the lateral200 nm in diameter, surrounded by a 50 nm thick Cu sleeve.
distance from &-N interface, where th& was a thin over- A scanning electron microscog8EM) micrograph taken on
layer film1® sampleA displaying part of an array of individual Ni island
In our research we employ a cryogenic STM in order topins is shown in Fig. ). SampleB: “Small wire” [Figs. 2,
obtain spatially resolvednformation about the local quasi- 3(b)], which is derived from the large wire by an additional
particle DOS, when tunneling parallel to the material bound-cold draw step. All the lateral dimensions of this wire are
aries. The samples consist of ordered arrayS ahdN fila- reduced by one order of magnitude with respect to saiple
ments of “semi-infinite” length in good electrical contact, The third wire, sampl€, [Figs. 3c) and g has the “barrier-
where the arrays have a lateral scale in the submicron rangpin” geometry, where the unit filament is a NbTi hexagon 80
This lateral scale is suitable for STM studies, and also enam in size, surrounded by a 15 nm thick Cu cladding, mak-
ables the observation of mesoscopic effects resulting fronng the distance between adjacent superconducting filaments
multiple Andreev reflections. Furthermore, in some sample80 nm. The Cu cladding serves as the pin. The parameters of
the N metal is ferromagnetic, and as such is inimical to su-all three samples are summarized in Table I. This choice of
perconductivity, so that a pronounced proximity effect is ex-wires allows the study of samples with different geometries
pected. A schematic illustration of the experimental configu-and lateral dimensions. It also affords a comparison between
ration is shown in Fig. (). samples having ferromagnetic constituents as opposed to
We focus on two properties of these syster®: The  ones that are nonmagnetic.
evolution of the DOS as a function of the distance from the Sample preparation for STM measurements consists of
S-N boundary; preliminary results on this issue have alreadgutting the wires, polishing them along their cross section
been published® and here we present further studies per-and finally subjecting them to a short chemical etch. Besides
formed on samples of a different lateral scale, which allow aemoving surface impurities and oxide layers, the chemical
better understanding of the datéh) Evidence of bound process causes some of the constituents to be more depressed
states(of the de Gennes—Saint James tpéand Tomasch relative to othergdue to different etch ratgsand thus facili-
oscillation$*® observed at specific STM tip locations over tates the STM detection of the boundaries between different
the sample. The latter measurements are unique in that tumaterials. Immediately after the etch the samples are
neling occurs perpendicular to the plane where the quasipamounted onto our cryogenic STM, having a Ptifrormal
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FIG. 2. () STM topographic image taken on a small Ni island- - e = . o a0 0 0
pin wire, sampleB, depicting an individual Ni pin. Most of the Cu Distance from Boundary (nm)
sleeve is visible around the pin. The interfaces between the different . .
constituents have been designated by dashed lir@s.Threel-V FIG. 3. () Gap (black circles, left axisand normalized ZBC

characteristics taken at 4.2 K at different lateral tip positions on(White squares, right axi®n the large Ni island-pin wire, sampie
sampleB. The curves were taken deep in the NbTi, on the Cu ands @ fun_ctlon of distance from_ the Ni-Cu |_nterface. Boun_darles be-
on the Ni, respectively, for curves 1-3. The smooth lines werdween different types of materials are designated by vertical dashed
calculated using Dyne’s formul@ef. 7). For curves 1-3, the gaps Iipes. The experimental errors on the data are apprqximatgly the
are 1.55, 0.85, and 0 meV, respectively. Curves are displaced forz€ Of the symbols. Inset: Diagram of the area studied, with an
clarity. Inset: adl/dV trace taken deep in the NbTi region. The arrow illustrating the scan line on which theV curves were taken.

dotted line is a theoretical fit to Dynes' formula, with a gap of 1.55 (P)- Same ad@), but for the small Ni island-pin wire, sample.
Note that the horizontal scale is much smallej. The same aga),
meV.

but for the Cu barrier-pin wire, samplé. Note the different hori-

) _ ) zontal scale and that the scan line crosses two NbTi/Cu boundaries.
alloy) tip. The sample space is then evacuated and filled with

low-pressure He exchange gas, prior to immersing it in lig- RESULTS AND DISCUSSION
uid helium. All the data presented in this paper were ac- ) o )
quired at a temperature of 4.2 K. Spatial variations of the superconducting gapA

STM topographic images of the wire cross section were In Fig. 2(a) we present a topographic image taken on the
taken simultaneously with-V or dI/dV vs V characteristics small Ni island-pin wire, sampl®. The topographic scan
at different lateral tip positions. Thé-V and derivative was performed with a bias of 50 meV, well above the super-
curves were acquired while momentarily disabling the STMconducting gap of NbTi, where the local DOS $1is “me-
feedback loop. The local DOS vs energy was thus studiethllic” (constant Thus, the image represents the true surface
(via thed!/dV vs V curves in correlation with the surface topography of the sample. The image focuses on an indi-
structure. The differential conductance curves were eithevidual pin, with parts of the Cu sleeve and NbTi also show-
measured directly using standard lock-in technique, or byng (depressed, due to a faster etch raBashed lines were
numerical differentiation of the acquirddV curves. Care drawn along the different boundaries, which can be deter-
was taken to use small enough tunneling currents so thanined from the image to an accuracy of the order of 1 nm.
local superconductivity, in particular the measured DOS, wadhe image is presented in gray scale, where dark corresponds
unaffected. to depressed areas and bright to elevated ones. This is in
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y L configuration can support quasiparticle bound stétieshed ling
2 Right: A schematic of the unit filament in the Cu barrier-pin wire,
sample C, where such a configuration is realized§(Cu),

FIG. 4. (a) Left: An illustration of the variation of the pair S(NbTi). (b) Two normalizedd!/dV vsV curves taken on a Cu
potential A, at the boundaries between different materials. Such garrier-pin wire, on the Cu, in the vicinity of the NbTi-Cu interface.
configuration can give rise to resonant statdashed lines and  The curves were acquired at two different positions, as indicated in
Tomasch oscillations in thieV curves. Right: A schematic of a Ni  (a). Both curves exhibit a subgap structifeghlighted by arrows
island-pin unit filament, where this configuration is realized; at energies consistent with the presence of bound states.

N(Cu), S(NbTi), S'(Nb). (b) A d1/dV vsV curve taken on a large
Ni island-pin wire, sampleA, with the STM tip situated on the should not be confused with the local pair potentia},,
NbTi, in the vicinity of the Cu-NbTi interface. Notice the four which is vanishingly small in Célnside the Ni, where curve
peaks above the gap edg®" ), attributed to Tomasch oscillations. 3 was measured, the gap vanishes completely, and-we
(c) The energy squared of the peak positions plotted as a function afharacteristic is Ohmic. In the inset we plot a typical deriva-
the square of peak number, designatedbin The nearly overlap-  tjve curve acquired well within the NbTi along with a theo-
ping symbols correspond to peaks at negatoieeles and positive  retjcal fit (dashed ling This curve too exhibits a pronounced
(sq_uares bias. The _data pomts fall near_ly on a §tra|ght Ilne,_from gap structure, manifesting a gap in the DOS. We note that
‘(’)‘?ht'ﬁz Z:S:rigr?;:iltg’r:uiggnfg\/)’at::s gi‘g Fr"(:]:lem'a' and the width wgerrg the wires were measured atl0 K (just aboveTc
~9 K), only gapless curves were found all over the sample.
This indicates that the gaps in the DOS present at 4@dth
contrast to a SEM image, such as Figh)l where bright in NbTi and in Cy are due to superconductivity and not to
areas signify enhanced secondary electron emission. Wheaxtraneous effects.
comparing Fig. b) (sampleA) to 2(a) (sampleB) one Two main parameters can be extracted from the curves:
should also note the differences in lateral scales and spatitthe magnitude of the gap in the DOS and the zero-bias con-
(three dimensionalresolution. In Fig. 2b) we plot three ductance(ZBC) normalized to the conductance at a high
experimentall-V curves and corresponding fitsmooth  bias. The occurrence of a large gap combined with low ZBC
lines), taken at different positions on samme manifesting is a signature of superconductivitiarge pair amplitudeat
the changes in the local DOS. In curve 1, taken deep insidéhat location, while a small or vanishing gap, together with a
the superconductor, a large gap in the DOS is apparenthormalized ZBC close to unity, signify normal metallic be-
Curve 2 was acquired inside the Cu, where the gap is muchavior. In order to extract the gap we fit the data to the
smaller, but nevertheless clearly observed. The gap in Caoonventional tunneling expressions fdfrinsulatorsS tunnel
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TABLE I. Type and dimensions of the three wires studied. The thickness of NbTi and Cu for safnples
andB refer to the widths of the cylinders, not their outer diameter. In sa@he Cu thickness refers to the
width of the wall which separates two adjacent NbTi filaments. The rightmost column presents the healing
length of superconductivity inside the NbTi, as explained in the text.

Sample Type of wire Ni diametdnm) Cu thicknesgnm) 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

junctions? taking the DOS introduced by Dynes al” Such  faces. However, this does not seem to be the full explanation.
fits (performed forT=4.2 K) are presented in Fig.(). One  The reason being, that since only a cold-stepld draw is
can see that the fits are satisfactory when trying to depict thesed to transform a large Ni island-pin wire to a small one,
gross behavior of the curves, in particular the gap. Howevero further significant intermixing is expected. Thus, one
this approach cannot account for additional structures thavould expect the original intermixing present in the large
may appear, either within or above the gap redmwm be wire (due ma|n|y to the hOt-StQ[IO scale dOWﬂby an order
discussed below A more complete approach for analyzing of magnitude from samplé to sampleB. This is not what
the variation of the local DOS, in particular M, should be ~ Was found experimentally, where the healing length was re-
within the framework of the Usadel equatich®12'Here, ~ duced only by 60%. Another possible cause for the large
data were acquired are much smaller than the GinzburgPresence of the magnetic constituent. Albeit the Ni filaments
Landau coherence length Iy &y (typically ~100 nm at 4.2 aré not macroscoplcally mag_n_etlze(_j throughou_t the Whole
K). At this range the Usadel DOS does not deviate signifilength of the wire, they are divided into magnetic domains,
cantly from the one used in Dynes’ model. which may be up to 100 nm lorfd.1t is plausible that the
Figures 3a), 3(b), and 3c) show the variations of the gap domain closest to the surface exerts a small magnetic field
and the ZBC as a function of the distance from the boundthat may locally degrade superconductivity. The enhanced
aries for the three wires. The insets illustrate the directior€aling length may also result from a more fundamental rea-
along which thd -V curves were taken, and the various met-S0n, the possible reduction of the local pair potentialin S
als along that line. For the large Ni island pin, sambIeFig. near_theN-S mterfgce. To verify this, a self-consistent cal-
3(a)], one can see that the curves taken inside the Ni argulation, whereAp is allowed to vary smoothlyrather than
Ohmic, but in the Cu sleevedjacent to the Niindications ~ abruptly at the interface, may be needed.
of a gap are already found. As the NbTi is approached from The origin and in particular the value of the gap do not
inside the Cu, the gap increases and the ZBC diminishedend themselves_to an easy interpretation, in particular not in
This trend continues inside the NbTi with growing distanceN- Close to the interface the gap may be affected by inter-
from the pin, and at-60 nm from the NbTi-Cu interface the Mixing. However, far enough from the boundary, where in-
gap parameter saturates at 1.55 n#he establishédvalue  termixing effects are negligible, the gaplihis probably due
for bulk NbTi) and the ZBC at 0.15. The situation is quali- Mainly to Andreev reflections leading to leakage of Cooper
tatively similar for the small Ni island pin, samp@[Fig. ~ Pairs and quasiparticles fro@ito N. This is consistent with
3(b)], the only difference being the lateral scale. The healinghe dirty-limit approximation for the PEyielding a Cooper
length for this wire, namely the distance from the NbTi-CuPair (pair amplitudg penetration length of-100 nm into the
interface over which the gap attains its bulk value, is foundCU at 4.2 K, when no magnetic constituents are preigegt,
to be shorter, about 25 nm. In the Cu barrier-pin wire,Fig- 30)]. It is also consistent with the fact that the gap is
sample C [Fig. 3(c)], superconductivity is monotonically completely suppressed in the ferromagnetic Ni region, at
suppressed in the NbTi as the Cu-NbTi interface is apléast more than 1 nm away from the Cu-Ni boundary, due to
proached. The gap continues to decrease within the Cu r@air breaking. Indeed, the expected coherence length in a
gion, reaching its minimal value approximately midway be_ferromagngt is less than a rﬁf\.5Pa|r bre.akmg results also
tween the two adjacer@filaments, as expected. The healing In @ reduction of the penetration length in the Cu, as can be
length in NbTi in this case is found to be25 nm. The clearly seen in samplB, where the Cu sleeve is very thin.
healing lengths for all three samples, whose determinatior Nese issues are best dealt with diffusive systempsusing
was made more accurate and reproducible by looking ahe Usadel formalisrit® It predicts that the coherence be-
polynomial fits to our data, are listed in Table I. tween electronlike and holelike quasiparticles of low excita-
It is important to stress here that the healing lengths foundion energies extends over large distances, resulting in the
for all three wires are significantly larger than the supercon@ppearance of a “minigap” in the DOS &, even at dis-
ducting coherence length expected for NbTi at 4.24, tances significantly larger thafy,. Minigaps at such large
~5nm?? A possible explanation for this effect could be distances were observed by Guegdral?® In'our experiment
material intermixing. Although care was taken to design theVe focus on the DOS at much smaller distances.
wires with immiscible materials, it is probable that during
wire fabrication, in particular in the hot step, some material
interdiffusion may have occurred at the boundaries between Our samples consist of a multitude &N interfaces.
different metals. This would result in “blurring” the inter- Such a configuration may support, in favorable cases, quasi-

Quasiparticle bound states and Tomasch oscillations
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particle bound and resonant states, resulting from multiplgests a measurable contribution from electrons travelling
Andreev reflectioné1718we shall first focus on the reso- phase coherently between boundaries. This condition is pos-
nant states that give rise to Tomasch oscillations. If a supeisibly sufficient for the observation of Tomasch oscillations; a
conductor is placed in between two metals having a differenfull explanation may require new theoretical calculations.
pair potential, the structure results in a pair potential step. Further evidence that supports the assignment of the
Quasiparticles having energies above the pair potential thabove-gap structure to Tomasch oscillations is that they
undergo double Andreev reflections at opposing boundariesould be observed only in the NbTi, but not inside the Cu.
give rise to resonant states. These resonances are reflected-uwrthermore, these oscillations were not seen deep inside the
the dI/dV vs V (differential conductangecurves as Tom- S but only near the S-N boundary, where Andreev reflec-
asch oscillationé!® Theoretical calculations for a one- tions take place. Although one might expect to find Tomasch
dimensional structure yield the energy of thth conduc- oscillations also in the small Ni island pin, we could not

tance peak, observe them there. This is because in these wires the width
of the superconductor is much smaller, and consequently the
, o [hvg)? ) (expectedl resonant states lie at much higher enerdsese
En~Apt 2ds) ™ (1) Eq. (1)], where the probability to undergo Andreev reflec-

tions is extremely small. We did find, however, evidence for
wheredg andAp are the width of the superconductor and its the first two lowest resonant statésvo Tomasch oscilla-
pair potential, respectivelyr is the renormalizeddue to  tions) in the Cu barrier-pin wires, where the NbTi dimen-
Strong-coup"ng effec)é Fermi Ve|ocity in the supercon- sions are intermediate between the Iarge and small island-pin
ductor,~10° cm/s in NbTi? wires.

A case of Tomasch oscillations appears in the Ni island- Next we discuss the quasiparticle bound states. When a
pin wires, as shown schematically in Fig(a4 The thick normal metal is placed in between two superconductors, a
NbTi cylinder is placed between the inner Cu sleeve and thair potential well is formed. This potential well may support
outer Nb layer. Andreev reflections can then take place at th@ne or more quasiparticle bound staté&This is the situa-
Cu-NbTi and NbTi-Nb interfaces. Although Nb and NbTi tion in the Cu barrier pin wire, as sketched in Figa)51t can
have a similarT., the gap of NbTi is larger due to be showd that in the one-dimensional case, with the sim-
strong-coupling effectd(Note, that the pair potential step at Plest boundary conditions, the energy of tita bound state
the Nb-NbTi interface is not essential for the observation ofS given by
Tomasch oscillations, since the surface of the unit filament
could also serve as an Andreev-reflecting boundary. How- 2dy
ever, this potential step probably enhances the efjefig- m
ure 4b) presents a differential conductance curve taken on
the Ni island wire with large pins, sampk when the tip  whereA is the pair potentialdy, is the width of the normal
was placed over the NbTiear the NbTi-Cu boundary. To- region, andvr is the normalized Fermi velocity iN. Figure
masch oscillations, comprising the above-gap structure in thg(b) depicts two differential conductance curves taken on the
curve, are clearly visible both at positive as well as at negawire with the Cu barrier pin, sampl@, over the Cu near the
tive biases. These oscillations could be observed whenevery-NbTi boundary. The first curve was acquired in the
the interfaces appeared sharp in the STM image. In contrastiddle of a hexagon’s side while the other was acquired near
no subgap structures appeared in any ofithécurves mea- a hexagon’s corner, as illustrated in Figas We see that
sured on this sample. both curves have almost the same gap and manifest a subgap

These oscillations cannot be attributed to phonon strucstructure, which we attribute to quasiparticle bound states. It
ture, which is found in NbTi only at energies above 10should be noted that the curves taken in the middle of a
meV? Nevertheless, in order to prove that they are indeethexagon’s sidésuch as curve)lexhibit a sharper and some-
due to resonant states, and not due to other effects, we plot {ghat higher energy of the bound state than the curves taken
Fig. 4(c) the square of the conductance-peak enerdi3 (  at the hexagon’s cornésuch as curve)2 The reason for this
vs n? [the corresponding integensare denoted in Fig.(®)]. may be that at the corner of the hexagiypis not as well
The data can be well fit to a straight lifehown in the defined as in the middle of a side section. Furthermore, while
figure), from which Ap and the width of the superconductor the bound state in curve 1 results predominantly from An-
may be extracted using E@l). For the data presented here dreev reflectiongperpendicularto the Cu channel, those in
these values arAp=1.3 meV andds=510 nm, and in all curve 2 have large contributions from reflections of quasipar-
the other conductance curves that exhibited Tomasch osciticles traversingalong the Cu channel, as well as from re-
lations, taken on different wires of this type at various loca-flections from the hexagon corners. These lead to both
tions, we found 1.2Ap<1.8 meV and 49&ds<520 nm.  broadening and lowering of the bound states in the ca@jer
These values oA are consistent with the measured gap inposition. The energy location of the subgap features are
the bulk of Nb(namely, the pair potential in NbJfand those = somewhat lower, although in reasonable agreement with that
of dg are in close agreement with the nominal thickness ofpredicted by Eq(2) for our sample’s parameters. We wish to
NbTi in this sample, 500 nm. The fact that the Tomaschnote that despite these spatial variations in the detailed shape
oscillations appear clearly in our curves is somewhat surprisef the subgap structure, such structufdse bound statgs
ing. Obviously, electrons do not travel ballistically across thehave been foundnly insidethe Cu region. Moreover, even
500 nm thick NbTi cylinder, as assumed in the conventionathere, they could be resolved only in the vicinity of t8eN
model. However, the detection of Tomasch oscillations sugboundaries, since deeper inside the Cu the superconductor

E,=nm+cos !

En
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gap in the DOS diminishes and overlaps the bound statenore accurate theoretical modeling using Usadel equations is
However, wherever it can be detected, the energy of the sulmeeded in order to better understand the evolution of the
gap structure does not depend on the distance fronNti'e DOS on both sides of thH-S interface. Up to now Usadel
boundary. formalism has been applied only for simple geometries, such
as a singleN-S interfac&® or PE in narrow constrictions;*
SUMMARY and the implementation to our geometry is unfortunately not
_ i o straightforward. Finally, we foun¢ht specific STM tip posi-

Ir_1 this article we have demonstrated that de_ta|led '”fo_r'tions) pronounced subgap structures in th& characteris-
mation on the PE can be obtained by employing STM injics due to quasiparticle bound states, as well as above-gap
spatially resolved measurements where tunneling is parallglycture, attributed to Tomasch oscillations. To the best of
to the N-S boundaries. The spatial variations of supercon-yyr knowledge, these effects have not been measured in a
ductivity as a function of distance from-S interfaces in  configuration where the tunneling currentgarallel to the
various APC superconducting wires were investigated, anghaterials’ interfaces, namely, perpendicular to the path of the
two major results were foundl) The healing length of su-  Angreev-reflected quasiparticles. Such measurements di-

perconductivity insideS (NbTi) is much longer than the rectly depict the effect of Andreev reflections on the local
Ginzburg-Landau coherence lengfa, This can possibly be pos.

attributed to the effects of both material intermixing and lo-
cal magnetic fields. It may also be due to weakening of the
pair potential in NbTi near th&l-S interface, affecting the
spatial variations of the DOS(2) A gap develops in the
DOS of theN metal, at distances from th®N boundary The research at Yale and IGC was supported by the State
which are consistent with the dirty-limit approximation. A of Connecticut, NSF-DMR and IGC-AS.
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