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Absence of enhanced superconductivity in double-barrier superconducting tunnel junctions:
Measurements of lateral electric transport in the middle normal-metal layer
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The lateral conductivity of the middle Al layer of a Nb/Al/AlO,/Al/AlO,/Al/Nb (SINIS) multiterminal
device is studied as a function of the current injected perpendicular to the layers in a regime where a gap-
difference-like feature is observed in the current-voltage characteristic. The response of the Al layer does not
confirm an earlier reported observation of superconductivity in the Al far above its transition temperature

[Blamire et al., Phys. Rev. Lett. 66, 220 (1991)].
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I. INTRODUCTION

Over the past several years, double-barrier superconduct-
ing tunnel junctions with the SINIS structure have been ex-
tensively studied, both theoretically and experimentally; here
S, I, and N denote a superconductor, an insulator, and a nor-
mal metal, respectively.'~” SINIS junctions display interest-
ing new features that are not observed in SIS or SNS junc-
tions. A report by Blamire et al. of the observation of
superconductivity far above the critical temperature of Al in
a symmetric Nb/AlO,/Al/AlO,/Nb double-barrier tunnel
junction attracted considerable theoretical attention.® The ex-
periments revealed an anomalous feature in the current-
voltage characteristic (CVC) of a SINIS junction similar to
the well known gap-difference feature; Blamire er al. con-
cluded that the Al energy gap persists up to temperatures as
high as 4 K. Theoretical models of the effect were developed
by Heslinga and Klapwijk® and by Zaitsev,'® who explained
the anomalous feature as being due to nonequilibrium quasi-
particle extraction from the N layer when current passes
across the structure for a certain range of voltages. This ex-
planation is widely accepted in the field of nonequilibrium
superconductivity.!! It has even been predicted that super-
conductivity can be enhanced to arbitrarily high temperatures
by tunneling extraction of quasiparticles in a p-type
semiconductor/superconductor/n-type semiconductor
structure,'? although this prediction has been questioned.'?
Independently of these works, Leivo et al. considered elec-
tric and heat transport in SINIS junctions and suggested that
the anomalous feature can be explained by an alternative
mechanism.? On the other hand, a more detailed experimen-
tal study of the feature by one of the authors showed that the
associated structure is more complex than the usual gap-
difference feature, and questioned whether it results from the
appearance of a gap in the Al, or is associated with some
other anomaly in the tunneling density of states,'* an inter-
pretation that is supported theoretically.®

Although of potential fundamental importance, it appears
that the feasibility of enhancing superconductivity via
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nonequilibrium effects (at temperatures far above the
equilibrium superconducting transition temperature, T7,)
remains controversial. Clearly, a direct measurement of
the response of the N layer in an SINIS junction in the
presence of a tunneling current is of key importance. In our
former work, it was shown that lateral electrical transport in
the middle Al layer of a multiterminal, double-barrier
Nb/Al/AlO,/Al/AlO,/Al/Nb tunnel device can provide in-
formation on the actual state (superconducting or not) of the
Al layer within the device.!> In this paper, we report the
lateral current transport in the presence of a vertical (perpen-
dicular) tunneling current in the regime where the anomalous
feature discussed above is observed.

II. EXPERIMENT

The device fabrication procedures used have been de-
scribed in some detail elsewhere.!>!® The structures were
deposited on R-plane sapphire substrates. Two sets of de-
vices were fabricated and characterized which had different
lateral sizes: L,=11 um, L,=19 um, and W=10 um; and
L,=12 pum, L,=20 pum, and W=14 um (here L, and L, de-
note the length of the top and bottom junction, respectively,
and W denotes the width of the device, equal for the top and
bottom junction; see Fig. 1). The thickness of the middle Al
electrode, dy, was varied in the range from 7 to 180 nm; the

T ‘[ AIO,
/
Nb

Nb

Al

o —
jo—

L,
Ly,

FIG. 1. Schematic cross-sectional view of a multiterminal SINIS
device.
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FIG. 2. (a) Current-voltage characteristics (CVC) of a multiter-
minal SINIS device (1-3) measured at 1.85 K for configurations
1-3, shown in (b). Arrows (down and up) denote “gap-difference”
(S)) and “gap-sum” (S,) features in curve 3. Curve 4 is the CVC of
a two-terminal SINIS junction (measured at 1.85 K) using configu-
ration 4 in (b).

thickness of the Nb electrodes was 140—280 nm for the bot-
tom layer and 110 nm for the top layer.

The transparency of the tunnel barriers was chosen so that
the anomalous gap-difference-like feature®! appeared in the
measured CVC. The specific tunneling resistance, R,, of our
devices is about 5X 1077 Q cm? which corresponds to
the resistance range used in Ref. 8. The CVC of a represen-
tative device 1 with dy=11 nm, L,=12 wm, L,=20 wm, and
W=14 um is shown in Fig. 2(a) at 1.85 K (curves 1-3);
other devices showed qualitatively the same behavior. For
these curves, the current passes perpendicular to the layers
and voltage differences were measured across the bottom
barrier (curve 1), the top barrier (curve 2), and the device as
a whole (curve 3). The respective measurement configura-
tions are shown in Fig. 2(b). To minimize electric noise, the
experiments were carried out in a shielded room with a fil-
tered electric power line; low-noise preamplifiers and
battery-powered electronics were used to current bias the de-
vices. The measurement system was capable of resolving a
zero-voltage superconducting current of 1 wA and even
smaller changes in current.

III. RESULTS AND DISCUSSION

One can see that the CVC of the device as a whole [curve
3 in Fig. 2(a)] exhibits two large steps, S; and S,. Similar
steps for SINIS junctions were interpreted as gap-difference
and gap-sum features.® We also note that a complex structure
appears between these current steps; this additional structure
should not appear for the SIS’ case. Curve 4 shows the data
for a two-terminal SINIS junction [(see measurement con-
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FIG. 3. The unperturbed (V) curve of the N layer in device 1
in zero magnetic field (curve 1) and in an applied magnetic field of
35 Oe (curve 2). Curve 3 is the (V) curve of the N layer in device
2 which has microshorts between N and S at one edge of the bottom
NIS junction; 7=1.85 K. Upper inset: I.+(T) dependence of N layer
in device 3. Lower inset: schematic of the measurement
configuration.

figuration 4 in Fig. 2(b)] that also shows the feature at V
<2Anp/e (here Ay, is the superconducting energy gap of
Nb) and an even stronger “between-gap” structure; the two-
terminal junctions (with lateral dimensions 10 xm X 10 wm)
were fabricated identically with multiterminal devices and
measured for reference. Depending on the junction param-
eters, the additional structure may be absent or not resolved
in the experiments. From curves 1 and 2, one can see that the
step features are displayed in the CVC of both the top and
bottom junctions, but the main contribution to the S step in
curve 3 is associated with the top junction. Note that when
the contributions from the two junctions are summed, the S,
step in curve 3 is practically vertical.

We observed that the step S is a very elusive feature, and
not only its shape, but even its presence is not well repro-
duced for junctions fabricated under similar conditions (and
having the tunnel-specific resistance within the same range).
One would expect the feature to be more robust if a nonequi-
librium quasiparticle distribution was responsible for it.

The unperturbed 7{V;) curves for device 1 at 1.85 K are
shown in Fig. 3 (see the schematic of the measurement con-
figuration in the lower inset). Here, curve 1 was measured for
H=0, whereas curve 2 was measured in a field of 35 Oe
applied parallel to the layer plane. One can infer from these
curves that the Al layer is dissipative,!” however there is a
small coherent contribution to the lateral conductivity of the
Al layer, in accordance with our former observations.'> At
the same time, at 1.85 K, a Josephson current, /., of about
100 wA was observed across the device [cf. Fig. 2(a), curves
1-3]. From curves 1 and 2, using the resistance at 1 mV, and
taking into account the geometry of the Al layer, its resistiv-
ity is estimated to be 19 w() cm, a value expected for a mod-
erately dirty Al film.

We would like to emphasize that this kind of behavior is
seen only in high-quality specimens. Weak spots in the bar-
riers may result in a much stronger proximity effect and a
supercurrent in the N layer. Curve 3 in Fig. 3 is the I(V))
curve for the N layer in a SINIS device 2 identical to device
1, but with a direct electric contact between N and S at one
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edge of the bottom NIS junction (as established from voltage
measurements at the two edges while passing the current
across all the layers: above .., the voltage was close to zero
at one edge, and finite at the other edge). Although such a
direct electric contact does not affect the CVC of the device
2 as a whole (so that its CVC is very similar to the curve 3 in
Fig. 2), dramatic changes occur in its /{V/) curve in com-
parison with the /,(V/) curve for the device 1: (i) the gap-sum
feature in curve 3 appears at a voltage approximately half of
that for curves 1 and 2 (cf. Fig. 3), because the current
crosses the tunnel barriers only once (the reason why the
gap-sum feature appears in the CVC of the N layer is ex-
plained in Ref. 15); (ii) a zero-voltage supercurrent, I s, of
about 11 uA and a gap-difference feature (marked by an
arrow in Fig. 3) appear in curve 3. Similar CVC (with the
supercurrent and a gap-difference feature) was observed for
devices where no Zr layer was deposited in the current leads
to the middle Al layer; this Zr layer serves to prevent the
proximity between the topmost Nb layer and the underlying
A1.15,16

To fully understand the shape of the curve 3 (as well as
curves 1 and 2), a detailed theoretical description of the sys-
tem is necessary. Qualitatively, it is clear that there is some
contribution to the CVC of the Al layer from the transport
through an S/weak-link/S’ junction formed at one edge of
the film (here S’ denotes a proximitized Al). Since the su-
perconducting energy gap is now developed in Al by a strong
proximity effect through a weak link, the gap-related features
(such as a reduced conductivity at low bias and the gap-
difference feature) may appear in the CVC. On the other
hand, an increased conductivity in the subgap region and the
absence of the gap-difference feature in curves 1 and 2 are
consistent with a view that in this case a stable order param-
eter is not induced in the Al film. This experimental obser-
vation implies that (i) although a direct electric contact be-
tween N and S is present at one edge, the coherence spreads
over the entire length of the Al film, i.e., over a distance
(governed by the diffusion length that is typically of the or-
der of 10 um for metallic films at low temperatures) consid-
erably longer than the coherence length, in accordance with
earlier observations on mesoscopic systems,'® and (ii) possi-
bly, there is a critical S/N barrier strength below which the
fluctuating superconductivity turns into an ordinary super-
conductivity.

To further clarify how the superconductivity (if present)
in the N layer modifies its CVC, we carried out the I{V) and
I.{(T) measurements down to 0.7 K for a device 3 with
parameters very close to those of device 1 but with
dy=14 nm. The I.{(T) dependence is shown in the top inset
of Fig. 3; a parallel magnetic field of 50 Oe was applied to
suppress a weak superconductivity. A measurable zero-
voltage current was detected at 1.55 K, assumed to be the T,
of the Al film. With this T, value, using the BCS relation
2A 1/ kT.=3.52, we obtain A,=0.23 meV. If the step S, in
curve 3 [cf. Fig. 2(a)] is the gap difference, then it corre-
sponds to A,;=0.14 meV. Assuming that the critical current
densities of the N layers in the devices 1 and 3 are the same
(which is reasonable because the devices were fabricated in
the same deposition run under the same conditions), and
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FIG. 4. (a) A family of CVC, I{Vy), for the middle Al layer
at various injection levels, /. Curves from top to bottom are for
Iliyj==8.0, 4.0, 3.0, -2.0, 1.0, -0.2, 0.0, +0.2, +1.0, +2.0, +3.0,
+4.0, and +8.0 mA, respectively, and are shifted from each other by
0.02 mA along the current axis for clarity. Positive directions for
currents fiy; and Iy are defined in the inset. The differential resis-
tance of the middle Al layer under various [y; levels is shown for
zero applied magnetic field (b) and for an applied magnetic field of
35 Oe (c). dVy/dI{Vy) curves from bottom to top (successively
shifted upward from each other for clarity) are for I;,;=0, 0.2, 0.4,
0.6, 0.8, 1.0, 2.0, 2.2, 2.5, 2.8, 3.0, 3.5, 4.0, 6.0, and 8.0 mA,
respectively.

making use of the I.4(7T) dependence and the BCS A, (7)
dependence, we obtain that for A,;=0.14 meV the N layer in
device 1 should carry a supercurrent of at least 50 uA (the
same estimation gives 200 pA in zero magnetic field). Such
a current is well above the resolution capability of the mea-
surement technique and its appearance should be detected in
the CVC of the Al film.

We next consider how an injection current, [;,;, passing
perpendicular to the layers, affects lateral current transport in
the middle Al layer. (In this experiment, we used two inde-
pendent current sources with floating grounds.) When [
reaches the region of the “gap-difference” feature [i.e.,
2.4-5.0 mA; cf. curve 3 in Fig. 2(a)], one would expect
dramatic changes in / f(Vf) due to the conjectured transition
of the Al layer (or at least its portion situated inside the
stack) into a superconducting state, such as an increase of the
coherent contribution to the current (or even appearance of
zero-voltage current), and, possibly, changes in the gap-
related features. In Fig. 4(a), a family of I(V,) curves at
Iinj=0, +0.2, £1.0, £2.0, £3.0, +4.0, and +8.0 mA is shown
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for 1.85 K and zero applied magnetic field, H=0. Here, the
curve in the center is an unperturbed CVC, the upper curves
are for successively increased negative I;,; currents, and the
lower curves are for successively increased positive [y cur-
rents (the positive direction of /;,; and I is defined in the
inset). The curves are successively shifted from each other
(upward for —|I;,;| and downward for +|I;;) by 0.02 mA
along the current axis for clarity.

For I;,; levels in the range of 0-8 mA, the I,(V)) curve is
altered most significantly for /;; <400 wA, where the coher-
ent fraction of the current may even increase slightly (due to
possible cooling effects?), although this effect is within the
measurement error (estimated to be +0.5 wA here); but then
the coherent current steadily decreases for higher /;;. This is
better seen in the differential resistance (de/ dl; versus Vf)
curves. These curves are shown for various (positive) injec-
tion levels at zero applied field in Fig. 4(b) and for
H=35 Oe in Fig. 4(c); curves for [;;;>0 are successively
shifted upward from each other by four units for clarity.

One can infer from Fig. 4 that no significant change oc-
curs in the conductivity of the Al layer when I;,; exceeds the
foot of the “gap-difference” step, or with a further increase
up to the “gap-sum” step (see curves for injection levels
2.0-6.0 mA), except for a suppression of the coherent part
of the conductivity and a slight increase of the noncoherent
(i.e., insensitive to a weak magnetic field) part of the con-
ductivity in the subgap region, similar to that expected for
heating. On the other hand, if a portion of the N layer sand-
wiched between the top and bottom S layers became super-
conducting [most likely, as discussed above for device 2 (cf.
curve 3 in Fig. 3), the entire film would become supercon-
ducting)], one would expect a dramatic change in the con-
ductivity. Note that the dV,/dl; versus V, curve has a feature
[marked in Figs. 4(b) and 4(c) by arrows] that, obviously,
reflects the “gap-difference” structure (cf. curve 3 in Fig. 2),
but is shifted to a higher voltage in comparison with the
position of the original feature in Fig. 2 due to a contribution
of the normal resistance of the Al layer; this feature also does
not experience dramatic changes in the /j,; region of interest,
but smears out at higher injection currents. Summarizing
these results, we conclude that for 7>T,, the Al layer does
not become superconducting in the lateral direction under
current injection across the SINIS structure at the /;,; levels
where the CVC displays the anomalous ‘“gap-difference”
feature.

Given the proposed theoretical suggestions, we must ask
why an enhancement of the superconductivity in Al is not
observed. Within the framework of the nonequilibrium ex-
traction mechanism,® the parameter I'7; should be of the
order of 1 or greater, where I" is an injection rate and 7 is an
inelastic relaxation time, and the value estimated in Ref. 9
was g~ 1078 s. Since the Al layer is initially nonsupercon-
ducting, 7 should correspond to the value for the normal
state. An experimental study of the inelastic scattering time
in Al films gives 7;~ 107 s in the temperature interval of
interest (~2—4 K),'” which yields I'7z~0.1, i.e., too low to
produce a sufficiently nonequilibrium distribution function to
cause gap enhancement.

According to our estimates of the electron-phonon (e-p)
and electron-electron (e-e) scattering rates in typical Al films
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used in our devices,'® the e-e scattering increasingly domi-
nates the e-p scattering as the temperature is lowered, al-
ready starting from 7~4 K, so that the “cooling”
mechanism>?° is more appropriate to describe the experi-
mental situation. To our knowledge, microrefrigeration using
NIS and SINIS junctions has been demonstrated only at sub-
Kelvin temperatures, although, theoretically, this mechanism
should also work at higher temperatures. It is not clear
whether this temperature limitation is due to technological or
physical reasons. Another problem is to scale up the devices,
because in larger junctions (with lateral dimensions of the
order of 10 um), heating due to quasiparticle back-tunneling
from S electrodes and phonon absorption from quasiparticle
pair recombination tend to overcome the cooling effect.?!:?2
Noticeable cooling in such devices can be achieved only if
special quasiparticle traps are employed.”? Such a special
design was not used in our devices and (to our knowledge) in
the devices reported in Ref. 8.

Most importantly, junctions used for microrefrigeration
(as can be deduced from parameters published, i.e., in Refs.
2 and 22) have a specific tunneling resistance in the range of
107°-1073 Q cm?, whereas the junctions that exhibit an
anomalous “gap-difference” feature (described here and in
Refs. 6, 8, and 14) are 10-100 times more transparent. Theo-
retically, the cooling power scales as R,‘l, i.e., decreasing of
R, seems to be beneficial. However, in more transparent NIS
(SINIS) junctions, the probability of electron tunneling be-
low the energy gap of S increases via the Andreev reflection
channel, compromising the cooling (that occurs only if elec-
trons tunnel above the gap energy).”® It is shown
theoretically® that interference of normal and Andreev reflec-
tions may lead to a resonance and the formation of bound
states in SINIS junctions; tunneling into a bound state in the
N layer at an energy slightly below Ay, results in a feature in
the CVC at a voltage below 2Ayy,/e, which mimics the gap-
difference feature. Experimental and theoretical dI/dV(V)
dependences for a junction displaying the “gap-difference”
are in good agreement.® It is likely that this mechanism is
realized in our devices.

IV. CONCLUSION

We have studied the response of the lateral conductivity
of the middle Al layer in a Nb/Al/AlO,/Al/AlO,/Al/Nb
(SINIS) multiterminal device to the current injected perpen-
dicular to the layers. We did not observe any sign of super-
conductivity enhancement for the injection current in a re-
gion where a gap-difference-like feature is observed in the
current-voltage characterisitc of the SINIS device. Instead,
the injection leads to suppression of the coherent part of the
current and some “smearing” of the CVC of the Al layer,
which may be due to heating. The gap-difference-like feature
observed in the CVC of the SINIS device is possibly related
to interference effects for electrons with momentum directed
perpendicular to the layers. This does not mean that the en-
hancement of superconductivity is not possible for this de-
vice configuration, but only that special care should be taken
to overcome the mechanisms leading to the opposite effect.
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