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We present the results of differential resistance (dV/dI) measurement on high-transmittance Nb-

Ag (or Al) microjunctions. At low bias, dV/dI has the conventional Blonder-Tinkham-Klapwijk
double-dip structure plus a sharp single dip at zero bias. This zero-bias anomaly is completely
suppressed by a modification in interface. It is insensitive to magnetic field. We relate it to the
electron phase-coherence effect in the proximity of superconducting gap potential A. Above A/e,
dV/dI exhibits an anomalous peak, whose position is found to be proportional to A(T, H)

PACS numbers: 74.80.Fp, 73.40.—c, 74.50.+r

Superconductor —normal-metal (S-N) contacts exhibit
nonlinear electron transport behavior because of the mis-
matched quasiparticle excitation spectra. Until recently,
most of the non-Ohmic properties seemed to be ac-
counted for by the theory of Blonder, Tinkham, and
Klapwijk (BTK) [1]. Central to the I Vcharac-teristics
of S-N contacts is the Andreev reHection (AR) [2], which
converts normal current to supercurrent. At the inter-
face, an incident electron from N with subgap energy is
retroflected into a hole, while the missing charge of 2e
propagates into S as a Cooper pair carrying away the ex-
cess current. In a completely transmissive contact, the
differential resistance [R~(V) = dV/dI] below the gap
voltage (A/e) becomes half of the normal resistance (Riv)
because of AR. As the barrier strength is increased, nor-
mal reflection becomes appreciable, causing the zero-bias
resistance, Rg(0), to increase. A typical Rd vs V curve
shows a double-dip structure at +4/e, which has become
the hallmark of the BTK behavior.

Recently, highly anomalous phenomena have emerged
from a new class of heterojunctions involving contacts be-
tween superconductor and semiconductor (Sm). In par-
ticular, a single large zero-bias resistance dip, referred
to as zero-bias anomaly (ZBA), was observed in some
S-Sm-S junctions [3,4] and S-Sm contacts [5], which is
different from the usual BTK behavior. In addition, a
resistance peak above Riv was observed at bias voltages
much higher than the gap voltage [4]. Various mecha-
nisms [4—8] from phase-coherent transport to proximity
effect were proposed to explain these observations.

There appears to be a consensus that S-Sm structures
are prone to exhibit novel transport behavior. Interest-
ing as these structures are for their wide range of carrier
density and mobility, the inherent strong scattering at
the S-Sm interface due to the Schottky barrier makes it
difBcult, though not impossible, to achieve high transmit-
tance. To avoid this complication and to investigate the
general nature of the anomalous transport, we have fab-
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FIG. l. (a) Schematic views of an overlayered junction.
(Not to scale. ) (b) Micrograph of a bare junction with w = 2

p,m, d = 1 p,m, and d' = 0.5 p,m.

ricated thin-film based single S-N microjunctions. En this
Letter, we will present the result of dV/dI measurements
on these junctions. Surprisingly, both the subgap and
above-gap anomalies appear in our S-N contacts, which
are much simpler in structure than the S-Sm and S-Sm-S
contacts and are also different from the usual S-N con-
figuration. More importantly, we are able to observe a
transition from the BTK behavior to non-BTK behavior,
i.e. , ZBA, by adjusting the structure of the S-N contact,
thus identifying the source of the ZBA. En addition, we
have observed, for the first time, a novel magnetic field
dependence for the ZBA. We have also characterized the
above-gap anomaly, which is directly related to the su-

perconducting gap, with both changing temperature (T)
and magnetic field (H).

Figure 1 shows a scanning electron mircoscope micro-
graph and a schematic of a typical S-N junction. Dis-
tinctive from the commonly used planar or point con-
tacts, our junctions are formed near the edge of a Nb
film. Such a geometry offers some advantages crucial to
our study. For example, the N electrode can be easily
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FIG. 2. (a) Normalized dU/dI of a bare junction. The top
curves are shifted for clarity. (tu, d, d', and tNb are 2.0, 2.5,
0.8, and 0.23 pm, respectively. Riv=1.2 A.) (b) Normalized
dU/dI of an overlayered junction. (iii, d, and tNb are 1.0, 2.5,
and 0.33 ym, respectively. Riv=2. 1 Q.)

patterned into different shapes and dimensions suitable
for observing mesoscopic electron coherence effects in the
proximity of a superconducting gap potential. Two types
of junctions were fabricated, one with a 120-nm-thick ox-
ide (Nb20s) layer on the top surface of the Nb film, and
the other with a bare Nb surface causing the S-N contact
to cover both the edge and a portion of the top surface
of the Nb film. This variety in the interface turned out
to be essential for clarifying the ZBA. In addition to the
interface, the junctions are characterized by three geo-
metrical parameters, the width (tii) of the N lead, the
distance (d) from the injection point to the interface, and
the width (d') of the S-N overlap on the Nb top surface.
The oxide layer effectively makes d'=0. On one Si chip
(3x3 mm ), there are twenty different junctions with ur,

d, and d' ranging from about 0.6 to 2.5 pm. The total
contact width is always 28 p,m. The thicknesses of the
films are 230—350 nm. The films were deposited by e-
beam evaporation and patterned by optical lithography.
We always used Nb as the S electrode, while both Ag and
Al were employed as the N electrode, which yield qual-
itatively the same behavior. The I Vcurve -and dV/dI
were measured simultaneously at various T and H with
the phase-sensitive-detection technique.

We have measured over fifty junctions and observed
universal behaviors among atl samples. Without excep-
tion, the differential resistance of the junctions without
the oxide layer (bare junction) can be represented by Fig.
2(a), and those with the oxide layer (overlayered junc-
tion) by Fig. 2(b). These data are highly anomalous in
both the subgap and above-gap regions. Different junc-
tions may differ in the details of some features; the gen-
eral behaviors, nevertheless, are universal as follows: (1)
In the subgap region, dU/dI of the bare junctions [Fig.
2(a)] consists of two components well resolved at low T

—a sharp single dip at zero bias and a component with
double dips at +ANb/e. As T is increased, these two
components gradually collapse and merge into a broad
dip. (2) In the overlayered junctions [Fig. 2(b)], the zero-
bias dip does not exist; only the double-dip structure is
observed. (3) In the above-gap region, both types of
junctions exhibit a dV/dI peak above Riv, and its posi-
tion always follows the same T and H dependence. All
these features disappear above T„andtherefore are due
to superconductivity. It is important to be reminded that
these novel behaviors are observed in S-N junctions much
different from other Sm-based junctions.

The double-dip structure in dU/dI in the overlayered
junctions is typical of the BTK behavior. This allows us
to obtain some fundamental parameters by applying the
BTK model to our data. One of them is a dimensionless
number, Z = Vo/hti~, specifying the strength of the in-
terface potential barrier, Vol(z). In the BTK theory, the
current through an S-N contact is [1]

1 +Z2 oo

I=
eB~ [fo(E — U) —fo(E)]

x [1+A(E) —B(E)]dE, (1)

where fo is the Fermi distribution function, and A(E)
and B(E), listed in Table II of Ref. [1], are the AR and
normal refiection probability, respectively. Using Eq. (1),
one can fit the dV/dI vs V data by choosing an appropri-
ate Z. As a consistency check, Z can also be obtained by
analyzing the T dependence of the zero bias (d V/dI) v
Prom both fittings, we obtained a consistent Z = 0.5 for
the overlayered junction in Fig. 2(b). In the framework
of the BTK model, a junction with such a low Z is highly
transmissive, corresponding to a transmission coeFicient
of 80% [(1+Z ) ] in the normal state. At zero bias,
the AR probability is estimated to be 45%, which is very
high, indicating that the S-N contact is of high quality.

One of the important results of this study is the evo-
lution from the BTK behavior to a non-BTK ZBA as we
increase the S-N contact area on the Nb top surface in the
bare junctions. The ZBA gradually becomes dominant at
the expense of the diminished BTK component as shown
in Fig. 2(a). We have observed a systematic increase of
the ZBA with d', from a tiny dip when d' —0 to more
than 30% of Riv when d' —1 pm. To our knowledge,
this is the first time that the ZBA is so clearly resolved
from the "normal" BTK behavior. We can also unam-
biguously identify the top contact area as the cause for
the ZBA.

A ZBA has been observed in S-Sm [5] and S-Sm-S junc-
tions [3, 4] much different from our single S-N junction.
In one study [5], the resistance dip was attributed to a
proximity effect induced pair current across the Schottky
interface barrier. It was found that the anomaly can be
easily suppressed by a mere H of 18 m T. This mechanism
is not responsible for our ZBA, which is not sensitive to H
(see discussion later). In another study [4], the ZBA was
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interpreted in terms of AR, modified by multiple elec-
tron reflections in the Sm quantum well. Such a process
leads to a high cumulative AR probability, giving rise to
a sharp dip in dV/dI at zero bias.

Various theoretical models for ZBA have been pro-
posed, ranging from ordinary proximity effect [8] to more
radical mesoseopic effects [6,7]. These models are not
necessarily opposed to each other, but may be compli-
mentary to each other. van Wees et at. [6] investigated
phase-coherent transport near the interface, and found
that the constructive quantum interference due to phase
conjugation between multiply reflected electrons and AR
holes results in a resistance dip. Like the model based on
proximity effect, it also predicts easy suppression of the
effect by a small H.

We have measured dV/dI vs V in diff'erent H [Fig.
3(a)] and the H dependence of the zero-bias resistance
as shown in Fig. 3(b). Also shown is the H dependence
of the resistance of the Nb film, providing H,2 at various
T [Fig. 3(c)]. The results in Fig. 3 are astonishing and
anomalous. The ZBA is very robust against H, persist-
ing up to a field of almost 2 T. This observation excludes
the mechanism based on proximity e8ect, and also jeop-
ardizes the applicability of the model of van Wees et al. ,
according to which the efFective critical field H;+ to sup-
press the zero-bias anomaly is Cp/At, (A is of the order
of 10 depending on the electron mean free path I,). Us-

ing l, =1800 A for our Ag film, HP 0.01 T, which is
much smaller than what we observed.

In addition to the strength of the ZBA against H, there
also exist two zero-bias (dV/dI) v pplateaus a—t interme-
diate H and high H. The plateaus are insensitive to T
(for T &4.2 K). The first plateau begins at a field H'
smaller than H, 2 but ends at H, 2 above which Nb starts
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FIG. 3. (a) Normalized dV/dI of the same junction shown
in Fig. 2(a) in different parallel magnetic fields. (b) Zero-bias
resistance as a function of H~~ at several temperatures. (c)
Superconducting transitions of the Nb film under the same
conditions.

to become normal. A careful examination reveals that
H' corresponds to the field at which Nb becomes gapless
while remaining superconducting (see discussions later).
This indicates that ANb is the main parameter affecting
the ZBA. The second plateau begins at the field where
Nb becomes completely normal. It is therefore associ-
ated with the normal resistance of the S-N contact and
portions of the Nb and Ag leads.

Recently, in a more rigorous and general approach,
Beenakker [7] developed a quantum transport theory for
mesoscopic S-N junctions, incorporating both AR and
quantum interference efFect. In mesoscopic disordered
junctions, the size of the junction is comparable to the
phase-coherence length l~ in N, but much larger than the
elastic mean free path t, . It was found that the S-N in-
terface becomes reftectiontess at zero bias despite the
presence of a potential barrier (i.e. , Z ) 0), due to the
phase coherence and AR. This leads to a zero-bias resis-
tance reduction. This model differs from that of van Wees
et al. in that the latter requires deterministic elastic scat-
terings to achieve constructive quantum interference be-
tween electrons and AR holes. Furthermore, Beenakker
also claimed that the ZBA is insensitive to H, which is
consistent with our experimental results. Using a phase
relaxation time (~4, ) of 5 x 10 ii s and l~ = gD~~, where
D = v~l, /3 is the difFusion constant, we obtain a ly of
3.5 pm for our Ag filrn at 1.2 K. Therefore, it is expected
that mesoscopic effect plays an important role in our S-N
junctions. The H dependence of the ZBA, a crucial test
for theory, supports Beenakker's model. The observed
transition from the BTK to non-BTK behavior as the
top contact area is increased can now be understood as
follows: In the bare junctions, the upper surface of the
Ag film causes effective electron "confinement" in the top
contact region. The Ag surface greatly reduces the prob-
ability of normally refiected electrons drifting back to the
reservoir and increases the probability of coherent mul-
tiple refiections. Multiple reflections drastically enhance
the total probability of AR, especially at zero bias, result-
ing in the ZBA. It is not clear whether the ZBA reported
in Ref. [4] is of the same origin as ours. It is noted that
the electron transport in the Sm quantum well in Ref. [4]
is ballistic, while in our N electrode it is diffusive. Unfor-
tunately, the H dependence of the ZBA is not available
in Ref. [4] for comparison. The lowest T in our measure-
ment is 1.2 K. The trend in R~(0) vs T shows that the
ZBA should further increase at even lower T. A measure-
ment at lowest possible T would be very useful in that
the data could be more directly compared with various
theoretical calculations.

We now turn our attention to the second anomaly in
Fig. 2, i.e. , the above-gap resistance peak. This peak,
existing in every junction, can be sharp or broad. Its po-
sition, Vd, varies from slightly above the gap to an order
of magnitude higher, but is not any harmonic of L~b. We
note that Vg contains a tiny contribution (& 5%) from
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FIG. 4. (a) The T dependence of the normalized peak
voltages for three junctions with Vd(0 K)=3.5, 10.0, and 17.0
mV. The solid curve is A(T). (b) The square of the normal-
ized peak voltages as a function of the square of the reduced
magnetic field. Results for both Hl (squares and triangles)
and Hz (circles) are displayed. The solid curve obtained from
Ref. [9] represents the theoretical H dependence of the gap
in the dirty limit.

the potential drop in the N electrode. Despite variations
in this peak, Vg always follows the T and H dependence
of the gap A. In Fig. 4(a) we plot the T dependence
of the normalized peak voltages, Vq/V~(0 K), for three
junctions with V&(0 K)=3.5, 10.0, and 17.0 mV. Amaz-
ingly, all data points fall onto the solid curve, which is
A(T). Figure 4(b) shows the normalized peak voltages,
V(g/Vg(0 T), as fun«io» « the reduced «ld (H/H, &)
for two junctions with Vd(0 T)=9.3 and 17.0 rnV under a
field parallel to the film plane (H~~) and a junction with
Vg(0 T)=7.2 mV under a perpendicular field (H~) at 1.2
K. Once again, all data points are well scaled. The solid
curve is the theoretical H dependence of the gap in the
extreme dirty limit (l, —&0) [9]. The deviation stems from
the finite mean free path in our Nb film [9]. At T = 1.2
K, Vd goes to zero at H~~=1.85 T, implying that 4 ~0
at the same field. In the same sample, H,2=2 T (see Fig.
3). Therefore between H~~=1.85 T and 2 T, the Nb film
is superconducting but gapless, and within this region
the zero-bias resistance exhibits the first plateau (Fig.
3). Unlike the ZBA, the above-gap anomaly is observed
in both the overlayered and bare junctions. This is im-
portant evidence that the two anomalies are of different
origins.

Recently, a similar above-gap anomaly was observed
in an S-Srn-S structure [4]. It was suggested that the
effect is the result of recapture of AR holes (in the quan-
tum well) by the Nb electrode. This scenario, requir-
ing multiple reHections, cannot be applied to our simple
overlayered junctions. We note that the high-bias peak
occurs at a current of 10 mA, corresponding to a cur-
rent density of j=l x 10s A/cm2. Such a large j could be
"depairing" near the S-N interface and affect the local
contact resistance. It is likely that the above-gap peak
occurs at a critical current j„which induces an almost
discontinuous change in local contact resistance. Even a
small variation in the contact resistance could result in
a difFerential resistance (dV/dI) peak. Critical current
in a proximity-type S-N contact is closely related to the
pair potential. This may be why the peak voltage Vd is
proportional to A(T, H)
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