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We present high-resolution tunneling spectroscopy data at very low temperatures on superconducting nano-
structures of lead built with scanning tunnel microscope. By applying magnetic fields, superconductivity is
restricted to length scales of the order of the coherence length. We measure the tunneling conductance and
analyze the phonon structure and the low-energy density of states. We demonstrate the influence of the
geometry of the system on the magnetic-field dependence of the tunneling density of states, which is gapless
in a large range of fields. The behavior of the features in the tunneling conductance associated to phonon
modes are explained within current models.

DOI: 10.1103/PhysRevB.65.100519 PACS nuniber74.50:+r, 74.80.Fp

In recent years, there has been an increasing interest in tm@anoscopic structure with applied and fundamental interest.
understanding of the physical properties of the nanoscopiblote that it has the same form as two STM tips, one opposed
size objects. This has been promoted by the rapid develogn front of the other(Fig. 1). With anin situ positioningxy
ment of new experimental tools that permit a direct access ttable we can, in principle, transport one part of the neck to
the realm of the nanoworld. One of the most widely knownanother place to use it as a superconducting STM tip that
is the scanning tunneling microscof®&TM),* which permits ~ Probes a given sampté.This is of major interest because it
the creation of metallic nanostructures that can be at thepens the possibility for new applications as local Josephson
same time imaged and characterizeditu?® The STM op-  Spectroscopy or spin-polarized tunneling, which needs a
eration at low temperatures has produced new and interestifjagnetic field>~*” Other methods have been successfully

results, many of them in the field of superconductitits. used to make superconducting STM tipy but, to our
Recently, using a low-temperature STM, we have studiednowledge, no data are available under magnetic fields.
transport through nanosized metallic ne2k8In the case of We use a conventional STM setup ir’ble cryostat. The

lead we have shown that it is possible to form a neck of &sample and tip(both of Ph are cleaned by a mechanical
few hundreds of nanometer lengdtfwhich connects the two method and mounted on the STM, which is cooled down as
bulk electrodes and which can be described as two opposdast as possibl¢about 5 min in order to minimize the for-
truncated cones. Application of an external magnetic fi¢ld mation of oxides on the surface. The fabrication consists of a
at temperatures below the superconducting critical temperaeries of repeated indentations danesitu at low tempera-
ture of the bulk creates a very singular nanostructure when tures, as described in Refs. 2, 3, and 9-11. The neck is bro-
is higher than the bulk critical fieldd,.'* The bulk elec-
trodes transit to the resistive state, and superconductivity is Normal electrode
confined to the neck. The transport properties are governed
by the diameter of the smallest cross section, which can be
changed in a highly reproducible way from the large point Superconducting _—
contact to the single-atom point-contact regimé3A de-
tailed Ginzburg-Landau analysis has been done by the au-
thors of Ref. 12 to examine the order parameter in this sys-
tem.

Here we present tunneling conductance measurements in
these connecting necks as a function of the magnetic field Normal electrode

done by. breakmg the nedk Slt.u -|nto t.WO parts, after IFS FIG. 1. We consider a superconducting connecting neck of Pb,
preparatlor(descrlped b(_elow Th|§ IS a singular system W'th formed according to the method described elsewhere, Refs.
two superconducting “hills” ending in a sharp tip of atomic ;"3 9_11 proken into two parts to be able to measure the tunnel-
dimensiongFig. 1). As the whole procedure is carried out at ing gensity of states. The diagram is a sketch to show the geometry
low temperatureabout 0.5 K, we can neglect atomic dif- (hat we use to make a simplified model of the nanostructure built
fusion so that the geometry of the system is not significantlyyith this procedure. Typically, the whole structure is up to 200 nm
modified while breaking. The conductance is in the tunnelingong with a maximum diameter of up to 200 nm, and in sufficiently
limit and is proportional to the convolution of the densities thin and long structures, the central part remains superconducting at
of states(DOS) of both parts of the broken nedR.In this  fields much higher than the bulk critical fieldee text and Refs.
way we gain direct experimental access to the DOS of &, 3, 9-1).

tunneling
neck /A limit
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junction experiments is found within the experimental reso-
lution (5%) 1 The magnetic field for total destruction of the
supeconducting correlations depends on the form of the
neck?® The example shown in the figure corresponds to a
neck having a critical field of about 20 times the bulk critical
field (HEX0 K)=0.08 T). Experiments done with the field
applied parallel or perpendicular to the axis of the neck show
the same behavior, i.e., the destruction of the superconduct-
ing features in the tunneling conductance at magnetic fields
much larger than the bulk critical field, depending on the
form of the neck?®

To discuss the results, we first try to consider the known
example of thin wires of type-I superconductors with lateral
dimensions smaller than the London penetration depth,
which remain superconducting at magnetic fields much
higher than the bulk valu#. For instance, superconductivity
in an infinite cylindrical wire can be described by a single
pair-breaking parameter given bgin units of Ay) Iy
=¢2R%3},, whereA, is the zero-field order parameté;s
the radius of the cylinder ant}; the magnetic length
=25.6 nmA/H. The peak in the DOS is rounded and the gap
and order parameter are reduced with respect to the zero-
field value?>=2° The gap remains finite in a large range of
fields, and it is only very close to the critical fiel[dbove
about 0.951.) where gapless superconductivity sets in. In
the inset of Fig. 88) we compare the measureeV curve
with the values of "y, which best fit the experiment. Neither
the low-energy part nor the magnetic-field dependence are
reproduced. The experimental curves show a finite current at
low voltages, corresponding to low-energy states within the

FIG. 2. (aConductance as a function of the applied bias asgap, even for fields small compared to the critical one. The
measured with a STM at 0.4 K with tip and sample of Pb and zerqjensity of states at zero voltage is finite already at fields
magnetic field.(b) The phonon structure as a function of the mag- petween 20% and 30%, the field for complete disappearance
netic field (note the change in the axiat 1.5 K at fields 0, 0.17,  of superconductivity, in clear contradiction with the homoge-
0.34, 0.51, 0.67, 0.84, 1.01, 1.18, 1.24, and 1.46 T applied perpersequs pair-breaking mod&l.

dicular to the neck. The inset shows the tunneling conductance in A petter description of the conic, nonuniform geometry of
the same units but in a larger range of values.

the necks leads to a more satisfactory result. Note that due to
the fabrication method, we expect the mean free path to be

ken to reach the tunneling regime, where the estimated workonsideraby reduced with respect to typical bulk values, and
function is of the order of several éV®indicating that we  we can safely assume that it is smaller than the coherence
have a clean vacuum-tunnel junction between both parts déngth. Therefore, we use the framework of Us&ebua-

the neck. The measurement is done with a tunneling resisions, as proposed in Ref. 9. In this model, the field enters as
tance of about 10 M. Special care is taken in electronic an effective, position-dependent, pair-breaking rate. The
filtering of the setup in order to have the maximal energyequations are solved self-consistently, allowing us to obtain a
(voltage resolution and to avoid artificial smearing of the complete description of our system in terms of energy and
conductance curves. The resolution of the setup is oflistance to the center of the broken neck. The main differ-
35 uV, comparable to the lowest temperature of the samplence with respect to models using a homogeneous

of 400 mK.

geometry'?2is that there is a smooth transition to the resis-

Figure Za) shows the conductance at zero field and 0.5 Ktive state as the radius of the neck increases. The density of
As Pb is a strong-coupling superconductor, the features dustates calculated at the center of the structure remains finite
to phonon modes are clearly observed in the tunnelingit low energies due to the proximity effect of the region,
conductanc€ [Fig. 2b)]. According to the well-known which is not superconducting, in agreement with the experi-
properties of strong-coupling superconductors, a peak in thenent (Fig. 3). Using parameters compatible with the geom-
effective phonon spectrum?F (w) gives a peak in the volt- etry of the measured structure we can get a good-iig. 3
age derivative of the conductance, locatedegat;=2A,  for both parallel and perpendicular fields using the same set
+ w1 and therefore the features shown in Figb)2show  of parameters for the whole series of curves measured in a
up. No significant difference neither in the value of the su-single structurésee inset of Fig. &), note that not all curves
perconducting gapy=1.32 mV nor in the phonon modes are presented for clarity
(w7=4.4 mV and 0w, =8.6 mV) with respect to planar Previous work has also shown that the conic geometry of
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FIG. 3. Current-voltage characteristics, normalized to the tun- (HH )2
neling resistance and the zero-field gap, respectively, for different ¢
fields applied parallel aT=0.4 K in (&) (from bottom to top 0, FIG. 4. Magnetic-field behavior of the energy positien; of

0.13,0.18, and 0.23)Tand atT=1.5 K perpendicular to the axis of the features corresponding to transvdiseex T in (a)] and longi-

the neck in(b) (from bottom to top 0, 0.17, 0.34, 0.84, 1.01, 1.18 tudinal [index L in (b)] phonon energies, for the magnetic field
T). Solid lines correspond to the fittings obtained with the geometryapplied paralleclosed circles or perpendiculakclosed triangles
shown in the inset irfb). For (a) we useR,,=0.8¢, «=56° and  to the neck. Superconductivity disappears, respectively, at 1.8 T and
£€=25.6 nm and.=2.9, where¢ is coherence length, and f@r),  at 0.5 T. Our data are compared to the result obtained using tunnel-
Rmin=0.0, @=27°, {=27 nm andL=3.2{. Note that the super- ing spectroscopy in thin films measured with the magnetic field
conducting region shrinks on increasing the magnetic field. For exparallel to the surfacéopen circles, see Ref. 23and to the theory
ample, the superconducting order parameter is small, but finite in af Ref. 24(solid line. To determine as accurately as possible the
region long by about six time$ at a field of 1 T in the case shown voltage position of the phonon modes as a function of the magnetic
in (b) (see also Refs. 9 and LZThe inset in(a) shows the fittings  field, we make the mean value between positive and negative volt-
(lines to the finite magnetic-field experimental curves (@ in  ages and finde_ 1, the voltage position of the maximum in the
(symbolg using an effective pair-breaking parametiiom bottom  second derivativel?l /dV (Refs. 21 and B For A we use two times

to top:T'4=0.04,0.13,0.21). the zero-field gap value®, in our data butA, in the data of Ref.

i 23 where arN-S junction was used.
our system needs to be taken into account to understan

experiments done in the single-atom point-contact Ithhityt
in that case, thé-V curves present significant subgap con-scopic dimensions. Figure 4 shows the magnetic-field behav-
ductance and are less sensitive to details of the density d®r of the voltage position of the features @i/dV [Fig.
states. The tunneling-conductance data, however, give &b)]. We plot (¢, 1— 1), normalized to A, as a func-
straightforward relation between theV curves and the den- tion of the squared magnetic field, normalized to the field for
sity of states and demonstrate conclusively that, under field;omplete destruction of superconductivits/H.)?, together
superconductivity is confined to the region near the “hills” with the tunneling-spectroscopy measurements in thin films
resulting after the formation of the neckig. 1). published in Refs. 23 and 24. The figure shows the variation
This result demonstrates that it is possible to make STMf the voltage position of the phonon modes as a function of
tips, which are superconducting even at magnetic fields athe magnetic field. It does not indicate changes in the phonon
high as several tesla. The proximity effect of the parts of thespectrum, but the decrease in the position in energy of the
tip that transit to the resistive phase at smaller fields needs tehonon modes in the superconducting density of states when
be taken into account in the calculations of their density ofthe pair-breaking effect of the fielégind the proximity effect
states. in our casg destroy the superconducting correlations. The
We now discuss the magnetic-field behavior of features ircalculation of the authors of Ref. 24 fits the experimental
the tunneling conductance associated to the phonon spectrur@sult within error(solid lines in Fig. 4. It even reproduces
that appear at voltages abové 2ZFig. 2(b)]. Note that we the stronger decay in the higher-energy longitudinal
have the unique possibility to follow these features duringphonons, introducing pair-breaking effects into the Eliash-
the confinement of superconductivity to a system of nanoberg equation$*?’ To make the same approach using a
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position-dependent pair-breaking param@tir a formidable  tips made of type-I materials, superconductivity is restricted
task, which would require to solve self-consisterthpth in  to a nanoscopic region and remains at even high magnetic
energy and positionthe Eliashberg equatiod.The Fig. 4  fields. This can considerably extend the application of STM
shows, however, that the result is the same as in thin filmgs a probe. We have also demonstrated that in this system,
and is compatible with the more commonly used pair-the phonon structure of the density of states is not affected
breaking theory? It demonstrates that the features related topy the size reduction of the superconducting part.
strong-coupling superconductivity are not sensitive to the
precise form of the density of states, and it confirms previous We specially acknowledge discussions with J.T. Devreese,
result€>?* about strong-coupling superconductivity in the V.M. Fomin, and W. Belzig and support from the ESF pro-
presence of pair breaking. Note that our experiment gives thgram Vortex Matter in Superconductors at Extreme Scales
additional check that the result is the same independent aind ConditiongVORTEX). We also acknowledge financial
the direction of the magnetic field or the geomefdata in  support from the the CICyTSpain through grants DGICYT
thin films needed to be done with the magnetic field appliedPB97-0068, the Fermi liquid instabilities ESF program
parallel to the surfage (FERLIN), and the Comunidad Autmma de Madrid. One of

In summary, we have examined superconducting connectis (E.B.) also thanks financial support from the NSF-
ing necks under magnetic fields and demonstrated the neceBMR0115947 and the Welch foundation. The authors belong
sity of taking into account the proximity effect to explain to the “Grupo Intercentros de Bajas Temperaturas, ICMM-
their behavior. We clearly show that in nanofabricated STMCSIC, LBT-UAM.”
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