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We have investigated the microshort—to—tunneling crossover in normal-normal (N-N) and normal-
metal—superconductor (N-S) point-contact junctions at 4.2 K as the junction conductance (Gj) is
varied. The microshort (or “metallic”’) point contact with the dynamic conductance G (¥) having a neg-
ative derivative with respect to bias ¥ (i.e., 9G /dV <0) changes over to a tunneling-type junction with
3G /3V >0 when G,=~3-5 mS. We show that this is the region where the contact radius a is a few times
k7' (kg is the Fermi wave vector) and the crossover in the sign of dG /3V occurs due to electron
confinement in a length scale comparable to k;'. The effect of confinement is to make the electrons
crossing the constriction evanescent in nature as the junction size is reduced progressively and the ener-
gy for lateral confinement becomes comparable to Er. We argue that in this extreme ballistic regime,
the classical Sharvin approach breaks down as quantum effects due to electron confinement takes over.
This happens much before “single-atom” contact is reached which signals the onset of vacuum tunnel-
ing. As a further test of the electron confinement effects in point contacts, we investigated clean N-S mi-
croshorts showing near-ideal Andreev reflection. We find that in N-S junctions, the Andreev reflection
(which is a manifestation of superconductivity) gradually vanishes when the contact radius a=0.1£ (£ is
the coherence length) and the energy cost of electron confinement is larger than the superconducting en-
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ergy gap A.

I. INTRODUCTION

The transition from a microshort to a tunneling region
in a point contact is a topic of current interest. With the
advent of the scanning tunneling microscope (STM),! a
number of experimental studies has been reported in this
area.” When a sharply etched metal tip is placed on a
metal surface (N -N junction), there are two limiting re-
gions. When the tip is in close contact with the surface,
we get a metallic point contact (microshort). This region
has been used extensively in the past in studies of spec-
troscopy of elementary excitations in solids commonly re-
ferred to as point-contact spectroscopy® (PCS). PCS is
done in the region of ballistic transport where the con-
striction or the contact size given by radius a is smaller
than the elastic mean free path of the electron, /,. The
other limit is the region of vacuum tunneling, when the
tip is not in mechanical contact with the substrate and is
positioned at a certain distance away from it (~10 A). In
a ballistic metallic point contact, the conductance of the
junction is typically > 1072 S. In the case of a tunneling-
type junction, as encountered in a STM, the junction con-
ductance is typically <1077 S. In between these two lim-
its lies the region of transition. In this paper, we report
on certain characteristics of this transition as revealed
through dynamic-conductance studies [(dI/dV)-V] of
point-contact junctions at low temperatures (7' =4.2 K).

Point-contact spectroscopy using metallic point con-
tacts is done in the ballistic region when [, >a. This is
usually called the “Sharvin limit.”* In the other extreme
(a >1,) one is in the classical, “Maxwell limit.”® The
resistance of a point contact as a function of the Knudsen
ratio (K =1, /a) is given by®

Ry=(4pl, /3ma®){1+ (3w /8)[(K)a/l,)} , (1)

where p is the bulk resistivity of the material and I'(K) is
a smooth function of K such that, for the Sharvin limit
(K >>1), I'(K)—0.694 and

ROZRSharvin=4ple /37T(12 . @)
In the Maxwell limit, K —0 and I'(K)— 1, giving

R0=RMaxwell =p/2a . (3)

In the Sharvin limit, the presence of pl/, ensures a simple
relation in terms of the fundamental unit of resistance
(#i/e?):

RSharvin:4(ﬁ/ez)(kFa)v2 . 4)

The advantage of writing the Sharvin formula in the form
of Eq. (4) is that the constriction resistance can be easily
converted into a contact radius @ which is measured in
the units of k!, a natural length scale for an electron.

In terms of conductance G5 (=1/Ry) the Sharvin for-
mula,

Gs=L1(e2/A)kpa)?, 5)

becomes a measure of the number of channels if we use
the Landauer relation® of conduction through a single
(barrierless) channel:

G.,=e’/mh . (6)

The Sharvin conductance Gg (which is actually valid for
a zero-area contact, i.e., a /I, —0) has no energy scale in
the sense that in this limit, Gy should become indepen-
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dent of the bias voltage V applied across the junction.
The bias-voltage dependence of the differential point-
contact conductance (G =dI /dV) arises from the back-
scattered electrons at the point contact.»® In general, for
metallic point contacts, G is maximum at ¥ =0 and G de-
creases with increasing voltage [see Fig. 1(a)]. (The pres-
ence of magnetic excitations or superconductivity often
introduces additional features on this background; how-
ever, for this discussion, we neglect these features.) As
the voltage dependence of G gives a measure of 7~ !(eV),
where 7 is the electron scattering time in the bulk, the de-
crease of G with V is generally believed to arise from lat-
tice phonons. It is expected that, as a decreases (which
implies fewer channels for conduction in the Landauer
formalism), the voltage dependence of G should vanish
because, in the classical Sharvin relation, the conduc-
tance has no voltage dependence. This point, however,
has not been explicitly pointed out by experiments in this
field. In the present investigation we address this ques-
tion. It is important to realize that the Sharvin relation is
a classical relation which is valid in the limit a /I, —0.
However, a has a lower limit for the junction to behave
classically. We will argue that for junctions which are so
small that @ ~k, !, the wave nature of the electron be-
comes important and the Sharvin relation ceases to be
meaningful.
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FIG. 1. (a) A schematic representation of the variation of the
dynamic conductance (dI /dV) with the bias voltage (V) for a
typical microshort and tunnel junction. G, are the typical
zero-bias conductance values for which such contrasting behav-
ior is seen. (b) Schematic showing the crossover from mi-
croshort to tunneling regimes as seen through change of sign of
0G /0V. The hatched portion represents the typical conduc-
tance range over which the transition could occur. Note that
dG /0¥ =0 indicates the ideal Sharvin conductance, in which
case dI /dV is independent of the applied basis.
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In the tunneling regime, G always increases with V.
(We are, for the time being, excluding features in the tun-
neling curves which may arise from strong energy depen-
dence in the density of states as in a superconductor.) In
a typical N-I-N junction, G « G,(1+BV?) and the para-
bolic dependence is a measure of the tunneling barrier
strength.” In a STM, one has a tunnel junction of ex-
tremely small size and capacitance C (=10~ '8-107" F)
so that single-electron-tunneling phenomena become im-
portant, leading to a Coulomb blockade. This has been
seen experimentally by various authors.® In a recent ex-
periment, using crossed-wire geometry and adsorbed heli-
um as the insulating barrier, it was shown that the dip in
conductance G due to Coulomb blockade vanishes when
the junction conductance is more than Gy =1.5X 10745,
which would imply a conductance ~e?/#.° This shows
that, for a junction with sizes larger than a single or few
conduction channels, the single-electron charging effects
as revealed through G-V curves tend to vanish. Which-
ever may be the case, when the junction conductance
G, <1 mS, one observes that G increases with increasing
bias V. The transition from ballistic microcontact (for
junctions with G,> 1072 S) to tunneling-type junctions
(with G, <107 * S) can then be seen in G-V curves. At
certain conductance 1072>G,>10"* S, the slope
9dG /dV of the G -V curve should change from negative in
a microshort junction to positive in a tunnel-type junc-
tion. We illustrate this schematically in Fig. 1(b).

Another important observation in a microshort—to—
tunneling transition on clean junctions was made using a
STM working in ultrahigh vacuum.? In this experiment,
the junction conductance was studied as a function of
tip-sample separation. It was observed that for junctions
with conductances <1077 S, the current depends ex-
ponentially on the distance indicating vacuum tunneling.
However, for junctions with conductance ~ 10~ * S, there
is a sharp jump in the conductance and after that the
current varies rather slowly with the tip displacement,
showing the onset of mechanical contact. This experi-
mental observation triggered a number of theoretical in-
vestigations and the conductance jump occurring for the
junction conductance ~10"* S has been interpreted as
the onset of “‘single-atom” contact.'® This conductance is
close to G, [see Eq. (5)], the single-channel Landauer con-
ductance.” However, no G-V curves were reported for
these junctions close to the microshort-tunneling transi-
tion. The above discussion raises the question whether
the G-V curve changes from a metallic (3G /dV <0) to
tunneling (3G /3V >0) type around the same region of
junction conductance where one observes single-atom
contact.

In this paper we address this particular issue related to
the change in the sign of 3G /dV. We show that the
change in the sign of 3G /dV occurs at a much higher
junction conductance (=3 mS) and we suggest that this
change occurs due to electron confinement in a narrow
channel before single-atom contact is attained.

As a test of the effects of electron confinement we also
extend this experiment to normal-metal—superconductor
(N-S) point contacts. In a high-conductance N -S point
contact, one sees an Andreev reflection for |V <A (su-
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perconducting gap).'''? We find that as the junction
conductance is decreased and the contact radius a be-
comes a certain fraction of the coherence length &
(@ =0.1§), the signature of the Andreev reflection van-
ishes and eventually the contact behaves like a normal
junction, which, like any other N-N junction, shows a
change of sign of 8G /dV (from negative to positive) at an
even lower junction conductance. The absence of an An-
dreev reflection for junctions with @ ~£/10 is also sug-
gested as due to electron confinement.

The concept we would like to stress is that, in the tran-
sition region, the contact size becomes so small that
quantum effects arising from electron confinement be-
come important. The experiments reported in this paper
are attempts to bring out these issues.

The following part of the paper is divided into three
sections. In Sec. II, we briefly describe our experimental
arrangement. The results are presented in Sec. III, fol-
lowed by a discussion in Sec. IV.

II. EXPERIMENT

The experiments were carried out at 4.2 K by dipping
the junctions in liquid helium. The junction conductance
(G =dI/dV) was measured either by a dc method (using
a programmable current source and voltmeter) and subse-
quent numerical differentiation of the -V data or by an
ac method (using a modulation technique at f~327 Hz
and a lock-in amplifier). The details of the cryostat and
the electronics are given in a separate publication.'?

The mechanical system for the positioning of the tip on
the substrate consists of a differential screw (coarse posi-
tioner) and a PZT tube (fine positioner). The differential
screw can be operated from room temperature by a drive
rod. This enables us to make the junction after the sam-
ple is immersed in liquid helium.

The tips used in the experiments (Au or Pt) were made
by electrochemical etching and the substrates used (Pt,
Nb, and Pb) were mechanically cleaned prior to loading
into the cryostat. Usually, before cooling down the cryo-
stat, the sample region is purged with helium gas for
some time at room temperature and then the cryostat is
cooled by dipping in liquid helium. The tip is first made
to touch the substrate and a low-resistance junction is
formed. After that the tip is slowly retracted (or the con-
tact area reduced) by releasing the contact pressure to ob-
tain higher-resistance junctions. The formation of the
low-resistance junction ensures that at least in the area of
contact there is no appreciable barrier or adsorbate.
From the reproducibility of the data as well as near per-
fect observation of the Andreev reflection in N-S con-
tacts, we think this “in situ” (brute force) cleaning gives
us a clean barrierless junction. The process makes the tip
relatively blunt and one cannot use it for usual STM im-
aging. However, for our work this is not important. We
get a measure of the contact size from Eq. (1), though the
exact geometrical form will be an uncertainty. For ease
of reference we will use the notation Au(tip):Pt to mean
that this is a junction made from a Au tip and Pt sub-
strate. We also use the convention that positive bias im-
plies that the tip is biased positively with respect to the
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substrate. We have studied two N -N junctions [namely,
Pt(tip):Pt and Au(tip):Pt] and three N -S junctions [name-
ly, Pt(tip):Nb, Au(tip):Nb, and Au(tip):Pb]. In the follow-
ing section we present the results.

III. RESULTS

A. Normal-metal —normal-metal (N -N) junction

In Figs. 2 and 3 we show the G-V curves for two N-N
contacts. In both figures, the conductances are normal-
ized with respect to the zero-bias conductance G,. (The
values of G, for the junctions are shown in the figures.)
We can see that in both the junctions [Pt(tip):Pt in Fig. 2
and Aul(tip):Pt in Fig. 3] for G, more than a few mS,
dG /dV is negative and |(1/G)(3G /9V)| increases as G,
increases. This is the region generally used for point con-
tact spectroscopy.> For junctions with G;,=~0.01 S, from
Eq. (5) we find that akp~7.2. For Pt, kp~1.2X1078
cm ™!, which implies that a ~6 A. The mean free path of
electrons in these materials, at 4.2 K, /,~1 yum. Thus,
junctions with G;=~0.01 S are clearly in the ballistic re-
gime with very high Knudsen number. For both junc-
tions, we find that G /9V changes sign when G,=3-5
mS. To see clearly the change of sign in Fig. 4, we have
plotted (1/Gy)(0G/dV) as a function of G,. For
Au(tip):Pt, 0G /dV ~0 for G,=~5 mS. This would imply
akp=~=5.14 and a =4.3 A. For Pt(tip):Pt this occurs for
G,=3 mS with ak;~4.0 and a =~3.3 A. This is compa-
rable to the lattice spacing in Au and Pt (4.08 A for Au
and 3.92 A for Pt). Thus, the change in the sign of
dG /3V comes when the contact radius is comparable to
the lattice spacing of atoms in the bulk material. This
size is larger than the size of an atom. Thus, the cross-
over from metallic- to tunneling-type contact as revealed
through the slope of G-V curves occurs before “single-
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FIG. 2. The microshort-tunneling transition curves for
variable conductance Pt(Tip):Pt point-contact junctions at 4.2
K. The curves have been normalized with respect to the zero-
bias conductance G, and relatively shifted for clarity. The cor-
responding G, values are marked alongside the curves. Note
the almost flat G-V data for G, =3 mS.
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FIG. 3. The evolution of conductance characteristics in
Au(tip):Pt point-contact junctions at 4.2 K. The data have been
normalized with respect to the zero-bias conductance G, and
relatively shifted. The G, values varying over 4 orders in mag-
nitude are indicated in the graph.

atom” contact is attained. Beyond ‘‘single-atom” con-
tact, one sees vacuum tunneling. This is an important ob-
servation made in these N-N point contacts in the
present work. It must be pointed out that such observa-
tions in studies with point contacts have been made be-
fore.!* However, it was never explicitly discussed in the
context of a microshort—to—tunneling transition. This
observation then leads to the question as to why 3G /3V
should change sign when the electron is confined in the
region of ‘“few-atom” contacts. We discuss this later on
in Sec. IV.
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FIG. 4. Plot showing (1/G,)3G /dV vs G, for the different
sets of curves shown in Figs. 2 and 3 for Pt(tip):Pt and
Aul(tip):Pt point-contact junctions. The microshort—tunneling
transition indicated by the change of sign of (1/G,)0G /3V
from negative to positive occurs within an order of magnitude
in G, for both cases. Note: The solid and dashed lines drawn in
the graph are just guides for the eye.
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B. Normal-metal —superconductor (N -S) junction

In the case of N-S point contacts, in addition to the
contact size a and the Fermi wave vector kp, we have
another length scale (namely, the coherence length £) and
an energy scale (the superconducting energy gap A). The
coherence length § [ =(#v; /7A)] being much larger than
the lattice spacing, one would expect that much before
“few-atom” contacts are reached (signaled by change in
sign of G /dV as in the N-N case) one should see effects
arising out of electron confinement in the superconduct-
ing properties of N-S point contacts. The motivation for
doing these experiments with N -S point contacts is to in-
vestigate these aspects.

In Figs. 5-7 we present our data on Pt(tip):Nb,
Au(tip):Pb, and Aul(tip):Nb junctions taken at 4.2 K. In
Fig. 5 [Pt(tip):Nb], we show data taken close to zero bias.
In these point contacts, we find the following behavior
close to zero bias | V] <4 meV: We first take the example
of the Pt(tip):Nb junction. For the junction with the
highest conductance (G, ~2.7 S), we find a pronounced
peak around zero bias which goes down rather sharply at
|V]~1 meV. G then shows a small dip at |V]=1.2 meV
and for | V] > 2 meV, G settles to a much weaker variation
with V similar to those in N -N junctions of high conduc-
tance with dG /8V <0. The value of V where the dip
occurs in G matches closely with the superconducting en-
ergy gap of Nb (Ay,) at 4.2 K. The excess conductance
at ¥ =0 and its sharp fall as |V]|—Ay, is interpreted as
arising due to Andreev reflection.!? There are quite a few
reports of observations of the Andreev reflection in clean
N -S contacts, including those on high-T,. superconduc-
tors.”> For a clean, ideal, N -S point contact showing an
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FIG. 5. A set of normalized conductance curves for
Pt(tip):Nb point-contact junctions at 4.2 K showing the gradual
disappearance of the excess conductance at zero bias. The con-
ductance at 4 mV is taken as the normal-state conductance and
curves are relatively shifted for clarity. Note that the ratio
Go/G, is 2 (in the lowermost curve with G, =2.7 S), which is
the signature of the Andreev reflection in barrierless N-S inter-
face. The symmetric dips seen in the same curve occur at
|V|=1.2 mV, which is the superconducting gap value of Nb.
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FIG. 6. The normalized conductance curves showing the gra-
dual smearing of the Andreev reflection signal in Au(tip):Pb
point-contact junctions at 4.2 K as the junction conductance is
lowered. The curves are normalized with respect to G(5 mV),
which is taken as the normal-state conductance G, and relative-
ly shifted for clarity. The ratio G,/G, for the lowermost curve
which is in excess of 2 could be due to proximity effects in addi-
tion to the Andreev reflection.

Andreev reflection, the ratio G,/G(|V]|>A)—2."? For
the Pt(Tip):Nb contact we find G,/G(4 mV)=1.6, indi-
cating that an almost barrierless N-S point contact can
be formed in these experiments for junctions with rela-
tively high conductance (typically >1 S). In Fig. 6, we
make a similar observation for Aul(tip):Pb junctions
(Apy,=1.4 meV). In this case one also sees a large excess
conductance near zero bias. In Au(tip):Pb, for the
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FIG. 7. Microshort-tunneling transition curves for a
Au(tip):Nb point-contact junction at 4.2 K. For high-
conductance junctions, the conductance peak at zero bias in ad-
dition to the overall decreasing background (G -¥) is due to the
superconductivity of Nb. The curves are normalized with
respect to zero-bias conductance G, and relatively shifted. The
inset shows the (dI/dV)-V curve over a low voltage range in a
high-conductance junction. The small G,/G, ratio and the dip
at zero bias is due to presence of a finite barrier at the
Au(tip):Nb interface (most likely due to surface oxide on Nb).
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highest conductance junction (G, =13 8§), the ratio —2
and it decreases to around 1.6 when G,=~5 S. For
Aul(tip):Nb N-S point contacts we observe qualitatively
similar behavior as in other junctions but there are cer-
tain differences. First of all, even in the highest conduc-
tance junction (G,~2 S), the magnitude of the zero-bias
peak G,/G(|V]>A)=1.1, which is much lower than
those observed in Pt(tip):Nb and Aul(tip):Pb junctions.
Second, even the junction with the highest conductance
shows the existence of a small but finite barrier and this
can be seen as a split peak in the conductance near zero
bias as shown in the inset of Fig. 7. These features are in
agreement with Blonder-Tinkham-Klapwijk (BTK)
theory for N-S point contacts. [In BTK theory, the as-
sumed barrier at N -S junction is a 8-function barrier and
the junction is characterized by a dimensionless barrier
constant Z. As Z increases, a dip develops in the conduc-
tance curve at V=0 and gradually peaks appear at
|V|=A. For a strong barrier (i.e., large Z) the G-V curve
looks similar of that of a tunnel junction with a grown
barrier.] The gap that is estimated from the split peak is
~1 meV. This is less than that obtainable for bulk Nb.
We suspect that in this case the Au tip has not succeeded
in piercing through the oxide on Nb completely. At this
point we digress a little to point out certain interesting
and unexplained aspects of the observed G-V curves in
clean N -S contacts. In Fig. 8, we have shown the experi-
mental data for Pt(tip):Nb and Aul(tip):Pb junctions
showing an Andreev reflection. In the same graph, with
a dotted line we show the expected curve from BTK
theory. We find that near the gap a dip occurs (at | V| ~A
in normalized G-V curves). This has been observed even
in high-T, materials."

The feature of N-S point contact which is of impor-
tance to us is the qualitative difference of the conduc-
tances near zero bias (|| <A) for high-conductance N -S
and N-N contacts. In the N-S contacts, G (| V] > A) de-
creases with increasing ¥ and this is very similar to that
in N-N contacts. However, the superconducting feature
of the point contact is revealed through the Andreev
reflection or an “excess conductance” near zero bias for
V] <A.

As the junction conductance of the contacts is reduced,
we find that the features associated with the Andreev
reflection become less pronounced. The conductance at
zero bias Gy/G(|V|>A) gradually decreases from the
ideal value 2, the central peak broadens considerably, and
the small dips in G at |V|=~A tend to vanish. For all
these junctions, any trace of the Andreev reflection van-
ishes for G5 <1 S, though a broad background showing a
maximum at zero bias persists up to G,~=0.1 S (see Figs.
5-7). For G;<0.1 S, the G-V curves are rather similar
to those obtained in N-N junctions and, finally, the
d0G /dV changes sign for Go=~3—-5 mS as in N-N junc-
tions. This can be clearly seen in Fig. 6. The value of
Go~=1 S where the distinct Andreev reflection disappears
corresponds to aky~70. For Nb this would mean a ~60
A, which is much smaller than £ (~ 1000 A for Nb) but
larger than ‘“few-atom” contacts where 0G /dV changes
sign. We will discuss this absence of the Andreev
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FIG. 8. The experimentally observed conductance curves for
Au(tip):Pb and Pt(tip):Nb N-S point-contact junctions at 4.2 K
(4 + +) along with the fits generated by BTK theory (—— —)
assuming an ideal barrierless (Z =0) N-S interface and taking
the superconducting gaps of Pb and Nb to be 1.5 and 1.3 meV,
respectively. The data are normalized with respect to the zero-
bias conductance G,. Note that the conductance falls to its
normal-state value at a much faster rate than predicted by the
BTK model and symmetric dips occurs at the gap voltages of Pb
and Nb.

reflection for junctions with a length scale shorter than £
further in Sec. IV. We note the observation of a gradual
change in the N -S point-contact characteristics as a func-
tion of junction conductance.

The experiments on N-N and N -S point contacts very
clearly demonstrate the effect of electron confinement as
one goes from a large size contact (@ >>k ') to an atom-
ic (a~kz") size contact. In the following section, we
would like to discuss our experimental results with an at-
tempt to provide a physical explanation for these effects.
Another possibility exists to explain the general behavior
of a change in sign of 3G /9V from negative to positive
going through a region where dG /0¥ =0 as one goes
from a metallic- to a tunneling-type junction. This is the
simple assumption of the point contact as a parallel com-
bination of microshorts and tunnel junctions. A flat
G (V) curve can be obtained just due to the two compet-
ing effects canceling each other. However, the fact that
the crossover takes place in a specified conductance range
3-5 mS for a variety of junctions with different materials
makes this scenario less probable. Moreover, in the case
of N-S point contacts, the Andreev reflection peak in
dI /dV should gradually split up into two peaks at tA
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with a dip at zero bias as the tunneling starts to dominate
over the microshorts. Our experimental data shown in
Figs. 5 and 6 indicate a broadening of the zero-bias peak
as the junction conductance decreases. Based on our ob-
servations, we believe that confinement effects due to size
constraint could be most important, which determines
the nature of G (V) curves around the crossover region.

At this point we refer to some earlier experiments
which also investigated the issue of a
metallic—to—tunneling transition in S-N or S-N-S point
contacts, including an experiment on the Cu(tip):Nb sys-
tem.'® Though the data obtained by us have some simi-
larity with the Cul(tip):Nb data, they differ significantly in
three aspects. First, in the Cu(tip):Nb data, a barrierless
(Z =0) N-S contact was never seen and it showed effects
which may arise from a surface oxide barrier. Second,
the issue of electron confinement was never raised and
their proposed explanation is different from that offered
by us. Third, in the Cu(tip):Nb experiment, no attempt
was made to look into low-conductance junctions (G, < 1
mS), where one sees the manifestation of microshort-
tunneling transition in N -S contacts.

Another experiment was done on superconductor—
heavily-doped-semiconductor lithographically fabricated
microbridges.!” In this experiment, the microbridge size
(0.5-1 um) was kept fixed and the microbridge (planar)
had an S-N-S structure. The authors observed a transi-
tion from “Andreev-type” (Z =0) to “tunneling-type”
(Z >>1) conductance curves as the doping level of the
normal-metal region was progressively reduced. Howev-
er, the conductance curves in the transition region show-
ing a smooth evolution from one type to the other has not
been shown. In this experiment, the junction size was
kept fixed and the barrier Z was tuned by changing the
doping level. Since the constriction size (= 0.5 um) was
large, the electron confinement aspect is not of impor-
tance. Similar observations on the
microshort-to—tunneling transition has been made by us
in  Aul(tip):YBa,Cu;0,_s(single crystal) point-contact
junctions.'®

IV. DISCUSSION

The first question we would like to look into is the
“critical” contact size where 0G /0V changes sign. Our
approach to this problem will be to use simple concepts
to settle the length scales in the problem. For simplicity
we assume the point-contact region to be like a narrow
constriction of radius @ and length >2a. This is shown
in Fig. 9(a). For the conduction through the contact to
be metallic, one should have a propagating wave. If k, is
the momentum of the electrons in the direction of propa-
gation through the contact, kH should be real for a metal-
lic contact. Since there is confinement (on a scale =2a)
in the lateral direction, the transverse momentum k, has
a lower bound given by 7/2a so that the minimum ener-
gy of the transverse electron (E, ).~ (#7%/4ma?). As
T —0, the conduction is due to states with energy
E~E.. (For bias |V]| <100 mV, e|V| <<Eg). Since E,
can have minimum value of #°7?/4ma’ due to
confinement, this imposes a maximum on
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FIG. 9. Two schematic views of the point contact as a micro-
constriction connecting bulk reservoirs on either side. The
point contact can be treated as a narrow cylindrical channel of
length / and radius a as shown in (a), where /, is the elastic mean
free path of the electron. (b) illustrates the Kubo formalism
where the point contact is treated as a small spherical particle
of radius a.

E,=Ep—#*7*/4ma*. When the constriction is so small
that (E, )y, ~EF, the only possible real value is k,=0.
Thus, for extremely small a, k“ ceases to be real. Thus,
the minimum constriction size which allows a propaga-
ting wave along the constriction is given by the condition
#m? /4ma’ < Ep or akp > 2.

One obtains a similar result if one considers the point-
contact region as a small particle of radius @. In this pic-
ture the small particle of radius a is connected to large
reservoirs on two sides. This is shown in Fig. 9(b). For a
grain of radius @, we obtain from the Kubo formula'® the
electron-energy-level separation

8=Ep/ma’n , 7

where n is the electron density. Using n =k} /377, we
obtain

8/Ep=3m/ak} . (8)

If the spherical contact region of size a@ has to act as a
metallic contact been the two reservoirs, then § <Ep.
Otherwise the region will act as an insulator (for T—0).
Therefore, for a metallic point contact, one must have
akp > (3m)!3~2.1, which is the same result as obtained
before. (This relation is similar to the Ioffe-Regel cri-
terion for propagation of electron waves in a solid.!® In a
solid the microscopic length is determined by the electron
mean free path.) For junctions with Gy=~3-5 mS, where
the change in sign of 3G /dV occurs, we found that
akp=~4. This is close to what is estimated by simple con-
siderations which do not take into account details of the
contact. The above discussion implies that 3G /9V starts
changing sign when an appreciable part of the electrons
crossing the junction are of evanescent type, with k
becoming imaginary. For ballistic propagation, we need
a junction with high Knudsen number /, /a >>1 and the
junction  conductance approaches the  voltage-
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independent Sharvin value. However, there is a break of
the classical Sharvin relation at this point as the electron
is being confined within a size comparable to k. For
these point contacts, quantum size effects are bound to
show up and our experiment therefore shows the critical
limit of the classical ballistic Sharvin conductance. In
point-contact spectroscopy using metallic contacts
(3G /3V <0) one has to stay away from this regime to
avoid quantum confinement effects.

The total current I through such a small point-contact
junction can be broken down into parts, I =1,+1Ip,
where I, represents a current carried by the evanescent
electrons and I, that carried by the propagating ballistic
electrons. This breakup of the current is a division in
terms of electron energy which will determine if k is real
or imaginary. At this point we would like to mention
that Iz, which we take here as a pure ballistic current,
can have additional higher-order contributions due to
backscattering of the ballistically propagating electrons
into the contact area. This would lead to an effective de-
crease in the junction conduction as a function of bias
voltage. Point-contact spectroscopy is done in this re-
gime and a discussion of the negative dG /dV in ballistic
non-Sharvin metallic contacts can be found in the litera-
ture.»® Here we consider the case close to the crossover
(i.e., 3G /¥ =0 to positive) where confinement effects are
important.

In the limit I, >>a ~k !, the current I, which is due
to ballistic electrons, is given by Iz =GgV. Since the
classical Sharvin conductance Gg has no voltage depen-
dence, this term contributes a constant term to the total
conductance G (=dI /dV). The voltage dependence of G
therefore comes predominantly from the term dI,/dV.
The current I,, being due to evanescent electrons, is like a
tunneling current and dI,/dV >0. In this case the bar-
rier is not a physical barrier (as in vacuum tunneling) and
is due to confinement. (If the energy E > E, then there
will be an effective barrier E —E;.) For G;<0.1 mS,
when the one-atom contact is broken, one enters the vac-
uum tunneling regime with a physical barrier. It there-
fore appears that the electron confinement in the tip con-
tact area will determine the energy scale which will split
the electrons crossing the junction into propagating type
and evanescent types. This will show up as a gradual
change in sign of dG /9V with the transition occurring
when akp=~2-4.

This simple idea of electron confinement has been
developed into a more rigorous theory of quantum point
contacts (QPC) where the steplike jumps in the junction
conductance in  narrow channel metal-oxide-
semiconductor field-effect transistors (MOSFET’s) as a
function of channel width (which can be controlled by an
applied voltage) were investigated.?’ In these junctions,
the steplike jumps in the conductance arise due to
discrete splitting of energy levels of the electrons in the
confined dimension of the channel. These theories were
also applied in STM investigations of ballistic—to—
tunneling transitions where one sees effect of single-atom
contact.!® It will be of interest to see how these theories
and models can be used to evaluate the voltage depen-
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dence of G as one approaches junctions of few atomic di-
mensions starting from the metallic side where classical
Sharvin formulation is valid. Our results suggest that the
effect of lateral confinement below a certain size of the
point contact is to introduce evanescent character to the
electrons crossing the junction.

As a check of this picture of electron confinement we
now turn our attention to N -S point contacts. Here, we
have an additional energy scale (A), the superconducting
gap or length scale (&), the coherence length. We confine
our attention to the Andreev reflection which is a charac-
teristic of the superconducting nature of the junction. In
this case, the electrons in question (i.e., those taking part
in the Andreev reflection) have an energy confined within
+A of Ep. If the energy due to electron confinement is
larger than A, then these electrons will behave as normal
electrons. This situation is similar to that of supercon-
ductivity in small particles. Using the definition of
E=tvp/mA, we have

A/Ep~Q2/m)Ekp)™ " . 9)

Rewriting A in this form sets the scale of £ in terms of
kr ! which we are using as a natural length scale. In
N-N junctions we see the effects of confinement when
a~kp!. In N-S junctions, since the length scale associ-
ated with superconductivity (£) is larger (k; ' <<§&), one
should expect to see the effect of electron confinement on
superconductivity even when a >>k, i.e., for junctions
with much higher conductances.

For electrons to undergo an Andreev reflection at the
barrier, the energy due to lateral confinement should be
such that

28 2 (E,)pin=#'7" /4ma®) . (10)
This can be expressed as aky > (7/2)(Ep/A)!%. For ex-
ample, in Pb this implies akz >[128]. Using relation (5)
we find that this implies G,=~1 S. Therefore, for junc-
tions with conductance G, <1 S, the minimum energy for
confinement exceeds the energy gap. Under such condi-
tions, the N -S point contact should not show any charac-
teristics of superconductivity and the Andreev reflection
peak observed for |eV]| < A should begin to disappear for
G, =18S. From Figs. 5 and 6, we find that for N-S junc-
tions with G, <1 S, the manifestation of superconductivi-
ty as revealed through the Andreev reflection indeed
starts to vanish. If we think of the scale of confinement
in terms of a coherence length &, then for junctions with
Go=18, a=£/10. The N-S point contact showing the
Andreev reflection is generally analyzed using the BTK
model or some of its modifications.'>?! The model repro-
duces some of the observed behavior of N-S point con-
tacts for junctions with high conductance (>1 S). How-
ever, this model has no provision for treating the effect of
electron confinement on the properties of the junctions.
To be precise, the BTK model has no explicit length scale
and only one energy scale (the superconducting gap A)
enters the model through the BCS density of states. We
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know of no other model which treats the effect of elec-
tron confinement in the context of the Andreev reflection
as seen in small N -S point contacts. (There have been re-
cent theories for the effect of confinement and quantiza-
tion in Josephson currents in small S-S microcontacts.?
These theories mainly treat the pair current through the
junction and not the Andreev current. As a result, they
are not of much relevance in this context.)

Before conclusion, we would like to mention briefly
some interesting reports of G (V) curves in break junc-
tions, point contacts, and STM junctions on high-T, ox-
ide superconductors (Y-Ba-Cu-O) and Bi-Sr-Ca-Cu-O sys-
tems). A decreasing background conductance
(3G /0¥ <0) has been observed in such junctions.?* %
This is in contrast with the oft-quoted linear normal-state
conductance in these systems. Decreasing G (V) within
the superconducting energy gap region (typically 20—30
mV) has been associated with the Andreev reflection.?*%’
In other cases, a well-defined tunneling gaplike feature is
seen, above which the normal-state conductance de-
creases with increasing bias voltage.?* A variety of inter-
pretations including heating effects and decreasing densi-
ty of states have been given to account for this behavior.
At this point it is difficult to correlate this with our obser-
vations presented in this paper as the conductance range
where the crossover occurs is very different. Neverthe-
less, it would be interesting to see whether confinement
effects play a role in the junctions made on high-T. ma-
terials as the decreasing G (V) feature has been observed
only in break junctions, point contacts, and STM junc-
tions, all of which essentially qualify as ‘““‘small-area junc-
tions.”

To summarize, our observation for both N-N and N -S
point contacts shows that electron confinement effects
play an important role. We show that, though for /, >>a
one achieves ballistic contacts with a high Knudsen num-
ber, electron confinement effects dominate at still smaller
a. At a~k; ' we have most of the junction current com-
ing from evanescent states and the point-contact conduc-
tance characteristics resemble that associated with a tun-
nel junction. The transition from a metallic to tunneling
regime has some similarity to the metal-nonmetal transi-
tion in solids and the similarity of the criterion akp=2
with the Ioffe-Regel criterion is not regarded as fortui-
tous. We also find that in N-S point contacts, when the
junction size a <<¢, features due to the Andreev
reflection disappear. The scenario presented here is a re-
minder that the quantum effects in small point-contact
junctions cannot be neglected. A proper theoretical ap-
proach, including consideration of interference of back-
scattered electrons near the point contact, is called for in
treating these effects.
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