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Direct Study of the Proximity Effect in the Normal Layer inside of the Stacked SINIS Device
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We have observed a striking anisotropy in the electrical transport of layered multiterminal SINIS
structures [where S, I, and N denote a superconductor (Nb), an insulator (AlO,), and a normal metal (Al),
respectively]. We find that the lateral conductivity of the N layer is dissipative, but a superconducting
current can flow normal to the structure, suggesting a direct Josephson coupling between the external S
electrodes. A small coherent contribution to the lateral conductivity of the N layer is observed near zero

voltage.
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Over the past few decades, the proximity effect has
attracted sustained interest [1-6]. In recent years, it has
been recognized that, on the microscopic level, the prox-
imity effect may be described in terms of Andreev reflec-
tions [7]. In spite of this progress, important questions
remain. In sandwich-type structures, the electronic spec-
trum of the normal metal is inferred indirectly from the
characteristics of the entire system, measured perpendicu-
lar to the layers, but clearly, additional information on the
state of the N layer could be obtained if the lateral electri-
cal transport characteristics were measured.

Earlier, Capogna and Blamire reported observations of
the proximity effect through high-conductance tunnel bar-
riers in SINIS junctions [8], based on the appearance of a
Josephson current above the superconducting transition
temperature, T, of the N layer (here S, I, and N denote a
superconductor, an insulator, and a normal metal, respec-
tively). However, the two-terminal SINIS configuration [8]
does not allow one to directly measure conductivity of the
N film in lateral direction and thereby establish whether its
superconducting properties are isotropic or anisotropic.

Well before these experiments, a similar temperature
dependence (with a characteristic “‘tail”” above T) was
observed for a coherent current in SIN junctions in a study
of fluctuation superconductivity [9]. It was predicted that
the order parameter of the S electrode can couple to a
fluctuating order parameter in the N electrode, thereby
giving rise to a pair current through the barrier in excess
of the usual quasiparticle current [10—12]. Recently, a
phenomenological model of SINIS junctions was devel-
oped [13]; in this work, a coherent current in a SIN junction
[9-12] was treated in terms of the proximity effect.

It is clear from the above discussion that the nature of the
Josephson current in SINIS junctions above T, as well as

PACS numbers: 74.45.+c, 74.50.+r, 74.78.Fk, 85.25.Am

periments [9,14] were carried out using low-transparency
junctions, a study of the proximity effect through a high-
transparency barrier in a NIS junction should be of general
interest.

Here we present results of an experimental study of the
lateral characteristics of the N layer in multiterminal
sandwich-type SINIS and NIS devices where the specific
tunneling resistance of the tunnel barriers is of the order of
1 X 1077 Q cm?. Our multilayer SINIS (Nb/Al/AlO,/
Al/AlO,/Al/Nb) structures were in situ fabricated using
a standard procedure described elsewhere [15]. A sche-
matic cross-sectional view of the multiterminal SINIS
device is shown in Fig. 1(a). Here we describe devices
with a width W = 10 um and lengths L, = 19 um and
L, = 11 pm for the bottom and top junctions, respectively.
The 150 nm-thick Al layer facilitates a nonsuperconduct-
ing electrical contact to the N layer; to suppress the para-
sitic proximity effect between this Al layer and the topmost
Nb layer (used to minimize the contribution of the normal
leads to the conductivity), 21-40 nm of Zr was deposited
between Nb and Al. Such contacts were also used in
measurements on NIS junctions [Fig. 1(b)], fabricated on
the same chip as the SINIS devices, to determine the
influence of the top Nb layer on the lateral conductivity
of the Al electrode.

First, we consider the current-voltage characteristics
(CVQ) for a typical SINIS device with a thickness of the
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the actual state of the N layer (superconducting or not?), FIG. 1. Schematic cross-sectional view of the structures
requires further clarification. Furthermore, since the ex- studied.
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Al middle layer d = 13 nm (referred to as device 1)
measured at 1.8 K (see Fig. 2). Curve 1 is for the top
junction (using 3 and 8 as current and 2 and 7 as voltage
terminals), while curve 2 is for the bottom junction (using 3
and 6 as current and as 2 and 5 voltage terminals). Curve 3
shows the CVC of the N layer, measured between the
terminals 1 and 4 (for current) and 2 and 3 (for voltage);
curves 4—6 were measured using the terminals 5 and 7 for
current and the terminals 2 and 8, 6 and 2, and 6 and 8 for
voltage (corresponding to the top and bottom junctions,
and to the entire SINIS multilayer, respectively). As can be
seen from curves 1 and 2 in Fig. 2, the top NIS and bottom
SIN junctions, when measured separately, have different
apparent critical currents, I and /4, such that I, > I, >
I, where I, is the critical current of the whole structure
(cf. curve 6); the respective I levels are marked by arrows.
However, when feeding the current through terminals 5 and
7, we find that for the same junctions the critical currents
I’y and I/, (cf. curves 4,5) are identical to I.,. The critical
current vs magnetic field dependences I ,(H), I.,(H), and
I, (H) were measured to demonstrate good junction qual-
ity for all the junctions contained in the multiterminal
device (see the left inset of Fig. 2, curves 1-3, respec-
tively). The I.,(H) dependence for the entire device
closely follows that for an ideal Josephson junction.
Identical values for I);, I,, and I, can be due to either
inductive coupling (observed earlier in SIS stacks [16]) or
direct Josephson coupling between the external S elec-
trodes. In the case of a SIS'IS stack, even with a very
thin S’ layer, it is possible to drive one junction into the
resistive state and measure the I.(H) dependence of the
other junction, which then displays an increased period of
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FIG. 2. CVC of a multiterminal SINIS device at 1.8 K.
Curves 1-6 are recorded using the following terminals for
current (voltage) [cf. Fig. 1(a)]: 3 and 8 (2 and 7); 3 and 6 (2
and 5); 1 and 4 (2 and 3); 5and 7 (2 and 8); 5 and 7 (6 and 2); 5
and 7 (6 and 8). Left inset shows I, vs H dependences for the top
junction, the structure as a whole, and the bottom junction
(curves 1-3, respectively); cf. respective CVC 1, 2, and 6 in
the main panel. Right inset: initial portion of curve 3 for H = 0
(curve A) and for H = 30 Oe (curve B).

the diffraction pattern [16]. However, in our SINIS multi-
terminal devices, it was not possible to set one junction into
the resistive state while keeping the other in the super-
conducting state. Even if we current bias the top and
bottom junctions independently, so that there is a voltage
across one (the top) junction, while trying to achieve a
region of dc Josephson current in the second (bottom)
junction, the system adjusts itself in such a manner that
the voltage between the two barriers becomes zero. This
results in a nonequilibrium state of the device, in which the
apparent value of /, is enhanced up to the I value. These
observations, along with the condition that the thickness of
the N (Al) layer is less than an electron mean free path
(estimated to be above 20 nm from resistance measure-
ments of similar reference Al films), suggest a direct
Josephson coupling between the S electrodes. The fact
that it is not possible to measure a true value of /, of one
junction independent of the state of the other suggests that
the order parameter in the middle N layer is not indepen-
dently capable of achieving a global phase.

We now focus on the properties of the N layer (see
curve 3 in Fig. 2). The right inset of Fig. 2 shows an initial
portion of curve 3 on a magnified scale for H = 0 (curve A)
and for an in-plane magnetic field of 30 Oe (curve B).
These curves display three important features: (1) The
lateral conductivity of the Al layer is dissipative. This is
a counterintuitive result given the fact that a considerable
Josephson current (about 500 nA) can flow through the
film in the vertical direction (at 1.8 K). (2) There is a small
contribution to the current near zero voltage that can be
completely suppressed in a small magnetic field. This
coherent contribution resembles a current observed earlier
on low-transparent SIN junctions and interpreted as a
manifestation of fluctuation superconductivity in the N
electrode [9]. (3) There is a nonlinearity in the CVC at a
voltage V = 2Ay,/e, where Ay, is the Nb superconduct-
ing energy gap. This feature may be explained as follows: a
fraction of the electrons entering the N layer leaks into S,
and then reenters the N layer. As a simplified model, we
envision two NISIN junctions connected in parallel to the
N layer; the nonlinearity in the CVC of these junctions
results in the respective feature in the CVC of the N layer.

Before analyzing the CVC of the Al layer near V = 0 in
more detail, we discuss how the specific geometry of our
samples may influence the shape of the CVC. In order to
determine the contribution of the Al/Zr/Nb terminals to
the conductivity of the Al layer, we deposited §8—18 nm-
thick Al films onto oxidized Si substrates under conditions
identical to those that we used to deposit Al layers in our
SINIS devices. One part of the film was processed to have a
configuration identical to that of the bottom junction (cf.
Fig. 1); the Al/Zr/Nb contact leads were formed identi-
cally to those in our SINIS devices. Standard 4-terminal R
vs T measurements were performed on the other part of the
same Al film, which had much larger lateral dimensions.
Comparing the R(T) data for the two parts of the film, we
concluded that the contribution of the Al/Zr/Nb contact
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leads to the resistance of the 18 nm-thick Al layer being
below 5%; we will neglect this contribution. From these
measurements, we also established that an Al film with
Al/Zr/Nb contacts is not superconducting and displays a
linear CVC down to 1.8 K (the lowest temperature avail-
able in that experiment); therefore, the nonlinearity seen in
curve 3 (cf. Fig. 2) is due to the influence of the super-
conducting Nb electrodes, i.e., due to the proximity effect
through the tunnel barriers.

Since portions of the middle Al layer in our devices are
not covered by the top Nb electrode [see Fig. 1(a)], it is
important to know how this affects the conductivity of the
Al. To examine how the CVC of the Al layer is modified if
the top Nb electrode is missing, in addition to an ordinary
SINIS device [cf. Fig. 1(a)], a device was fabricated on the
same chip with the top Nb layer etched away [see the
structure in Fig. 1(b)]. The respective multilayered struc-
tures were deposited in a run different from that used to
fabricate device 1; we will refer to the devices resulting
from the second run as type 2 devices. In these devices, the
oxidation conditions for the top and bottom junctions were
nominally identical; the specific tunneling resistance of the
double-barrier junction as a whole was about 3 X
1077 Q cm?, and d,; was in the range of 8—18 nm. Here
we consider in more detail the characteristics of devices
with d; = 18 nm; the devices with other values of dj
displayed qualitatively the same properties.

Figure 3(a) shows the CVC of the SIN junction recorded
with the current fed between terminals 1 and 5, and the
voltage measured between terminals 2 and 6 (curves 1 and
2), along with that for the Al layer of the same junction
(curves 3 and 4), and for the Al layer of the related SINIS
junction on the same substrate (curves 5 and 6); the last two
data sets were measured using the current terminals 1 and 4
and the voltage terminals 2 and 3 (cf. Fig. 1). Curves 1, 3,
and 5 were recorded in zero magnetic field; curves 2 and 4
are for a parallel field of 20 Oe, and curve 6 is for 14 Oe.
Curves 1-4 were measured at 1.9 K and curves 5,6 were
measured at 2.2 K. We observe that curves 1,2 display a
gap feature at V = Ay, /e, as expected for a Nb-I-Al SIN
junction, whereas the curves 3,4 display a gap feature at
V = 2ApNp/ e (similarly to the curve 3 in Fig. 2). We did not
observe any indication of an Al energy gap in these curves
(with 1 wV resolution).

The initial portions of these curves are shown on a
magnified scale in the inset of Fig. 3(a). In the SIN case
(curves 1-4), we see that both the conductivity across the
barrier (curves 1,2) and the conductivity of the N layer
(curves 3,4) have a small coherent contribution near zero
voltage. Moreover, curve 3 looks like a tilted version of
curve 1; if we subtract a linear background with a resist-
ance of about 2.3 () from curve 3, we obtain a character-
istic [curve B in Fig. 3(b)] that coincides with that of the
SIN junction [curve A in Fig. 3(b)] near V = 0. Therefore,
the coherent contribution in the conductivity of the N layer
may originate from the coherent current flowing through
the barrier(s), and the magnitude of this current can be
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FIG. 3. (a) CVC of the SIN junction (curves 1,2) and of the N
electrode of the same junction (curves 3,4) at 1.9 K (curves 1,3
are recorded for H = 0; curves 2,4 are recorded for H = 20 Oe);
CVC of the N layer of the SINIS junction at 2.2 K: curve 5 is
recorded for H = 0; curve 6 is measured for H = 14 Oe. The
inset shows initial portions of these curves on a magnified scale.
(b) CVC of the initial portion of the SIN junction at 1.9 K
(curve A) along with the CVC of the N electrode of the same
junction corrected by subtracting the voltage contribution from a
constant resistance of 2.3 () (curve B). (c¢) Coherent current vs
voltage dependence for the CVC of the SIN junction at 2.6, 2.94,
and 3.34 K (curves 1-3, respectively).

inferred from the response of the N layer. In comparison
with the CVC of the N layer of the SIN junction (curve 3),
the characteristic of the N layer of the SINIS junction
(curve 5) displays a higher conductivity and a higher (at
the same temperature), but qualitatively very similar, co-
herent current, because of an influence of the top Nb elec-
trode. This experiment indicates the following: (1) the
CVC of the N film in a SINIS device and in the related
SIN junction are similar, so that in spite of the fact that a
portion of the N layer of our SINIS device is not covered by
the top S electrode, the conductivity of this layer qualita-
tively displays the behavior it has inside of the device;
(2) assuming that the small coherent current in the CVC of
the N layer is due to the proximity effect (interpreted as
injection of the superconducting electrons from S to N
through a tunnel barrier), this effect is unlikely to be re-
sponsible for the much larger supercurrent that can flow
perpendicular to the entire multilayer device.

To better understand the nature of this proximity effect,
we next consider the temperature dependences of the
maximum supercurrent, I ,(7), through the SINIS device,
and the maximum coherent current, I,,(7T), through the
related SIN junction. These data are plotted in Fig. 4
[squares for I, (T) and circles for I.,(T)]. Note that the
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FIG. 4. Temperature dependence of the Josephson current
measured across the layers in a SINIS device (squares) and the
related SIN junction (circles). Solid line is the theoretical I,(T)
dependence for the SIN junction according to Ref. [9]. Inset:
experimental (scattered data) and theoretical [9] (solid line)
I.'(T) dependence.

current /., is considerably higher than /;,. The difference is
more apparent for devices with thinner Al interlayers. Here
the magnitude of 7, is of the same order as that for devices
with larger d,;; however, the magnitude of I, increases
dramatically. For devices with d,; = 18 nm, the ratio
I../1, is 3.6 at 1.9 K (cf. Fig. 4), whereas for devices
with da = 8 nm, I, = 2.2 mA, and I, =80 uA (at
1.9 K), yielding I /I, = 27.5. This is in disagreement
with a phenomenological model [13], according to which
Jm = Jew/2 (here j.,, jo are the densities of the respective
currents I, I.,,). Obviously the presence of the top S layer
does not simply double the Josephson energy of the whole
double-barrier system, but changes the system qualita-
tively. The above experimental fact is consistent with the
idea that the Josephson tunneling through the two barriers
in our SINIS devices is coherent. This conclusion is in
disagreement with the theory by Kupriyanov et al. and
Brinkman and Golubov [17,18], according to which the
supercurrent in a SINIS junction is governed by a single
parameter v = (2dn/D)27T./hvgp), where D is the
transparency of a single barrier (with both barriers assumed
to have equal transparency), T is the critical temperature
of S, and vg is the Fermi velocity in N. The coherent
regime takes place if .y < 1 and breaks down at y.g >
1. Estimation of . using parameters from our experiment
(D=0.73X107%, T, =9 K, and vg = 1.3 X 10® cm/s
[19]) yields 7y = 2800, implying that, according to the
model mentioned above, the tunneling is incoherent.
Finally, we compare our experimental data on I.,(T)
(circles in Fig. 4) with the theory based on superconducting
fluctuations [9-12]. The solid line in Fig. 4 shows I.,(T)
predicted by expression (27) from Ref. [9] with T =
1.4 K and a critical magnetic field H. = 300 Oe (used as
a fitting parameter). Here we used the experimental value

T: = 1.4 K, measured (in a separate experiment) on the
18 nm-thick electrode of the SIN junction [cf. Fig. 1(b)],
and on an 18 nm-thick Al film deposited under the same
conditions for reference. According to the theory [9], the
dependence I,,!(T) is linear near T3, crossing the T axis
at T:. In the inset of Fig. 4 we have plotted both experi-
mental (points) and theoretical (solid line) I,,'(T) depen-
dences, which are in agreement with each other at lower
temperatures.

However, the voltage V,,, associated with the current 7,
is considerably lower than that predicted by the theory
[9,13]. From the data sets 1, 2, and 3, shown in Fig. 3(c),
we obtain V, = 2, 3, and 4 mV at temperatures of 2.6, 2.94,
and 3.34 K, respectively; on the other hand, the theory
predicts values in the range 130—210 mV. This discrepancy
observed on devices with relatively high-transparency bar-
riers may be due to a combination of superconducting
fluctuations in the Al and a traditional proximity effect
through the barriers.
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