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Lateral proximity effect and long-range energy-gap gradients
in TaÕAl and NbÕAl superconducting tunnel junctions
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We present the results of current-voltage characterizations of Nb/Al and Ta/Al superconducting tunnel
junctions, which reveal a dependence of the measured energy gap on the size of the junction. This implies a
geometrical dependence of the energy gap, which suggests that the effective local energy gap has a lateral
spatial variation on a scale of severalmm. An extended version of the theory of the proximity effect could
explain this phenomenon when lateral coherence lengths are introduced, which are of the order of the bulk
coherence length in Al. One of the consequences of this theory is that the coherence length in a thin film cannot
be taken to be isotropic. Another is that the effective lateral coherence length, which features in the lateral
Usadel equation, actually depends on the quasiparticle energy.
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I. INTRODUCTION

When a superconducting material is brought into elec
cal contact with another~super!conducting material, Coope
pairs will diffuse across the interface between the materi
and the pair potential and the density of states on either
of the contact are influenced. As a consequence, the en
gapDgap is locally affected. This is usually referred to as t
proximity effect.1 The influence of the proximity effect on
the coherent transport in normal-metal–superconductor c
tacts has been extensively studied both experimentally
theoretically in a number of recent publications.2–12With the
advent of modern theoretical descriptions based on s
consistent solutions of either the Usadel equations or
Bogoliubov–de Gennes equations~see the reviews in Refs
13–15!, the proximity effect is now well enough understoo
to provide reliable predictions for the design of superco
ducting devices.16,17Examples of this ‘‘energy-gap enginee
ing’’ are given in, e.g., Refs. 18 and 19. Up to now mo
treatments of the proximity effect have been strictly one
mensional: the variation of the localDgap is computed in the
same~vertical! direction as in which the various layers o
materials are stacked~see, however, Ref. 20!. Through a
stack of thin films~i.e., layer thickness of the order of th
coherence lengthsj! the gradient inDgap is essentially zero.18

Quasiparticle trapping is then the result of differences in
density of states between the layers, resulting in Andr
reflections on the boundary between the materials. In a v
ety of applications, e.g., photon detectors w
absorbers,21–25 or arrays of junctions with high-D material
bridges,26 the proximity effect may extend over distances
excess ofj in the lateral direction, and the problem will n
longer be strictly one dimensional. In this paper the exist
theory of the proximity effect is generalized for applicatio
to the two-dimensional problem of Nb/Al and Ta/Al supe
0163-1829/2001/63~21!/214507~11!/$20.00 63 2145
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conducting tunnel junctions~STJ’s! with an undercut at the
edge, which locally suppresses the proximity of the Al on t
Nb or Ta. This theory has two interesting implications. T
first is that the local value ofDgap may vary over distances
that are substantially larger than the coherence length.
second is that when we reformulate the lateral variation
terms of Usadel’s equation, an effective coherence len
emerges, which is dependent on the quasiparticle energ

II. EXPERIMENTS

A. Setup

The STJ’s used in our experiments were fabricated
Oxford Instruments as part of an ongoing effort by the ES
to develop imaging spectroscopic detectors for astronom
purposes.27,28 The sandwiches of Nb/Al/AlOx /Al/Nb or
Ta/Al/AlOx /Al/Ta are magnetron sputtered in an Ar atm
sphere on a superpolished sapphire substrate without br
ing the vacuum in the deposition chamber. Deposition c
ditions are selected such that at least the first overlaye
epitaxial with the sapphire. The Al layer on Nb is alwa
epitaxial, while the Al layers on Ta are polycrystalline on
they are thicker than a few nm. Exposing the Al to a co
trolled amount of oxygen creates the AlOx barrier. The ap-
plied barrier recipe is always the same, resulting in a fa
constant barrier resistivity of 2.560.5mV cm2. The layers
that are deposited on top of the barrier are always polyc
talline. The nominal layer thickness is 100 nm for the Nb a
Ta base electrodes and 200 nm for the top electrode,
other combinations of electrode thickness have been use
well. The thickness of the Al layers in the Nb-based STJ’s
in the range from 5 to 10 nm, while for the Ta devices
varies between 5 and 65 nm. The manufacturing proces
the Nb-based STJ’s is a modified version of the SN
technique.29,30
©2001 The American Physical Society07-1
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FIG. 1. Examples ofI (V) curves for STJ’s of different sizes on the same chip. Solid markers indicate individual measured dat
(V,I ). The inset gives the values of the gap energyDgap and its 1-s formal errorsD , estimated from linear least-squares fits to the flan
~solid lines!. The top row shows an example of a chip with Nb/Al STJ’s~sample 2 in Fig. 3 below!, the bottom row a chip with Ta/Al STJ’s
~sample 6 in Fig. 3 below!. Indicated in panel b is the point where the superconductivity breaks down. Panel e shows an example w
lead becomes resistive while the device remains superconductive. In this case the fit is made to the lowest part of theI (V) curve. The
consequences of these effects will be discussed further in Sec. IV C.
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The base etch step is a standard wet etch in a solutio
HF and HNO3, tuned to etch Nb away as fast as Al. The
devices used in these experiments show a larger variatio
base etch techniques, including wet etch techniques, rea
ion etching~RIE!, and ion beam milling~IBM !. So, whereas
the series of Nb-based STJ’s is quite homogeneous in lay
fabrication, and performance, the series of Ta STJ’s sh
larger variations. For the device patterning, standard ph
lithographic techniques were used to obtain two types
chips with Nb/Al STJ’s. One type contains eight STJ’s, w
sizes of 20 and 50mm, the other type contains ten STJ’s wi
sizes in the range from 10 to 100mm. This type of chip has
also been used for the Ta/Al STJ’s. Only sample 2~of the ten
we will discuss in some detail below! is an exception: this
chip contains 200-mm STJ’s as well.

The I (V) curves are obtained in a standard way by sc
ning Vbias across the junction up and down and reading
currentI at a temperature of 0.3 K. A magnetic field of up
a few 10 G was applied to suppress the Josephson cur
We ensure, however, that this field did not influence
value ofDgap. TheI (V) curve is sampled with 400 measur
ments. The density of sampling increases with the gradien
the I (V) curve to ensure good sampling statistics for t
interesting features, such as the flanks. The gap voltage
determined at the intercept of a linear least-squares fit to
straight parts of the steep flanks in theI (V) curves and the
abscissa. TheDgapvalues for the STJ’s are obtained from th
gap voltages in the positive and negative part of theI (V)
curves asDgap5

1
4 (V2D

1 2V2D
2 ). Examples of this procedur

are given in Fig. 1, while the general setup of the electron
is shown in Fig. 2. Typically,Dgap can be determined with a
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1-s accuracy of~at worst! a few mV. This number follows
from a standard error propagation analysis:sD5 1

4 @s1
2

1s2
2 #1/2, wheres1 , ands2 are the errors in the extrapo

lation of the fitted liney5a1bx to the intercept with the
abscissa~at V5x0! on respectively the positive and negativ
side of theI (V) curve. These errors are given bys6

2 5sa
2

12sabx01sb
2x0

2, wheresa , sb , andsab are the standard
errors in the fitted parametersa and b, and the covariance
respectively.31

B. Results

Figure 3 shows the results fromDgap measurements on
four different samples of STJ’s. This is a subset of a serie

FIG. 2. Scheme of the electronics used for the current-volt
measurements. Each generated data point consists of a voltag
Vin andVout . The range resistorRR is set to either 10 or 100 kV.
The compensation for the wire resistanceRW is introduced in the
software whenVin andVout are translated toV and I.
7-2
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FIG. 3. ~a!–~c! Gap energyDgapas a function of junction size for four different chips with Nb/Al junctions with thin~5–10-nm! Al layers
and undercut edges or Al missing from a part of the base Nb film. The bars indicate the 1-s formal errors that result from the fitting
procedure.~d! The results for 11 different chips combined. The gap energy was normalized to the value for an STJ size of 20mm ~that was
present in all samples!. The probabilityP for obtaining the observed~Spearman! correlation from a random distribution,~i.e., two-sided
significance! is indicated in the inset.~e!–~g! TEM cross sections of an edge profile which is typical for these devices. An indication fo
depth of the undercut is given.
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11 different samples~with in total 54 junctions! with Nb/Al
STJ’s. The samples not shown mainly contain only 20- a
50-mm STJ’s, but their data were used in the combined
sults in Fig. 3~d!, and they account for most of the spread
theDgapvalues at 20mm. The dependence ofDgapon the size
of the junctions is evident and highly significant, accordi
to a standard nonparametric~Spearman! correlation test31 ap-
plied to the combined data set. Because the compariso
STJ’s with different sizes as shown in the individual pan
in Fig. 3 is performed on the same chip, we can theref
safely exclude differences in fabrication routes or expe
mental circumstances as a possible cause for theDgap varia-
tions. Differences inDgap among STJ’s with the same siz
that exceed the measurement errors indicate that the a
device patterning is a nonuniform process. They are the m
source of scatter on the observedDgap-size relation. As we
will argue below, they are not responsible for the occurre
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of this relation. This leaves spatial variation of the localDgap
in these junctions as the most probable explanation. The
responding TEM cross-section images in Figs. 3~e! and ~f!
clearly show the undercut in the edge at the location of
Al layer, which we believe plays a central role in this effe
This undercut is an unintended by-product of the device p
terning process. Apparently, the etching process during ju
tion patterning is different from that during the simpler pr
cess development trials, resulting in a relative faster etch
of the Al layer. Figure 3~g! shows a different edge profile
with the same effect: instead of an undercut a part of the b
Al layer with everything on top of it has been~again unin-
tentionally! removed over a distance of about 300 nm. Figu
4 shows that the same effect is present in a series of t
samples, comprising in total 28 Ta/Al junctions. The TE
images in Figs. 4~e!–~g! illustrate again how the etching pro
cess has affected the edge. Figure 5 demonstrates the p
FIG. 4. As above, but now for Ta/Al junctions with Al layers of varying thickness~5–60 nm!, and with varying undercut depth.
7-3
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FIG. 5. As above, but now for Ta/Al junctions without an edge undercut.
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cal link between theDgap variation and the edge underc
with a third series, also of three samples, with in total
Ta/Al junctions, for which different patterning process
have been tried. This time, the corresponding TEM image
Figs. 5~e!–~g! show that the undercut in the edge is abse
Note that even in sample 10@Fig. 5~g!#, despite the absenc
of a part of the top electrode, the base Al layer covers
entire base electrode. At the same time we find thatDgap no
longer decreases with increasing junction size. Figure 5~d!
suggests that there is even a significant trend for the oppo
effect. Therefore we have unambiguous proof of a phys
link between the presence of the undercut and the sp
variation ofDgap with the size of the STJ’s.

C. Interpretation

TheDgap-size relation strongly suggests a geometrical o
gin. A simple model based on two values forDgap could
already provide a qualitative explanation of the observ
relation.32 Suppose each STJ possesses a rim of fixed w
in which Dgap is elevated, and a central area, which is larg
for the bigger STJ’s, whereDgap has its normal, proximized
value. If the measuredDgap were some average over a dist
bution of local values ofDgap, then the measuredDgapwould
decrease for increasing STJ size. Now we associate the
with a, say, 0.2-mm-wide region at the edge where the ele
trode material~Nb or Ta! is not in contact with the Al layer
due to the undercut. As a consequence, the rim is not
much less, proximized than the central region, which is
direct electrical contact with the Al. Because the bulkDgap
for Nb or Ta is higher than that of Al, the local value ofDgap
in the unproximized rim will be higher than in the center.
its turn the rim of highDgap material will influence the adja
cent material with a lower value forDgap. The proximity
effect in this situation therefore has two spatial dimensio
Figure 6 provides a sketch of this situation. A comparis
among the individual samples of series 2 in Fig. 4 indica
that the strength of the effect, defined as the slope of
relation betweenDgap and size, does not depend on the de
of the undercut. A comparison between series 1 and 2, on
other hand, strongly suggests a dependence on the elec
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material: for Nb the effect seems three times stronger t
for Ta. For the samples in series 3, Ta/Al STJ’s witho
undercut, Fig. 5 provides an indication of the converse s
ation. Here the energy gap actuallyincreaseswith increasing
STJ size. These STJ’s were patterned using the IBM te
nique. The TEM image of sample 8 shows clearest how;30
nm of the sapphire outside the STJ has been removed du
IBM. Another consequence of IBM, which is not readi
visible in the TEM image, is localized damage to the
lattice close to the edge. Upon impact, ricocheting ions w
dislocate atoms in the lattice close to the edge, and const
impurities. It is well known that the critical temperature d
pends both on impurity content~the isotope effect! and the
quality of the lattice. Both dislocations and impurities w
tend to locally decreaseTC , and thus the local energy gap
So, in the samples of series 3, we indeed expect an opp
effect by the above mechanism, resulting in an increas
energy gap measured for STJ’s with increasing sizes.

III. TWO-DIMENSIONAL PROXIMITY EFFECT

The introduction of a second spatial dimension in t
proximity problem, in order to compute lateral variations
Dgap, requires several modifications of the approach outlin

FIG. 6. Schematic representation of a cross section of a Nb
STJ with an edge undercut, illustrating the two-dimensional asp
of the proximity effect. The greyscale indicates the local value
the energy gap: the darker the color, the higherDgap. The width of
the Al layer has been exaggerated for clarity. See Sec. III for furt
details.
7-4
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LATERAL PROXIMITY EFFECT AND LONG-RANGE . . . PHYSICAL REVIEW B 63 214507
in Ref. 16. First, the introduction of a lateral~clean limit!
coherence lengthjy with a corresponding term in the Usad
equations is needed, in addition to the usual vertical~dirty-
limit ! coherence lengthjx . In two dimensions Eqs.~3! and
~4! of Ref. 16, which describe the Al interlayer, then becom

F5D1
pTc

vG H jx
2 ]

]x FG2
]

]x
FG1jy

2 ]

]y FG2
]

]y
FG J ,

~1a!

D ln
T

Tc*
12pT (

v.0

D2GF

v
50, ~1b!

G5
v

AF21v2
. ~1c!

HereD is the pair potential~not the energy gap!! andF is a
function related toG via Eq.~1c!, but without a direct physi-
cal meaning. Note that for reasons of clarity\ andk are set
to unity. TC* is the critical temperature of the Al layer. I
these equations the central role is played by the comp
Green’s functionG, which is a function of energy« and
position~x,y!. It is directly related to the density of states
the quasiparticles~QP’s! and Cooper pairs~CP’s!:

NQP~«,x,y!5ReG, ~2a!

NCP~«,x,y!5ReGF/v. ~2b!

Implicit in these equations is the relation between the r
energy« and the Matsubara frequencyvn5pT@2n11# (n
50,1,2,...): «52 ivn . For each layer, a separate set
equations of the form~1a!–~1c! is required, plus a set o
boundary conditions for each interface.

Below we will consider only bilayers of Al with Nb and
Ta, in which the Al layer is the most important for tunnelin
processes. Since it is adjacent to the barrier on both side
the tunneling takes place to and from this layer. The thi
ness of the Al layer is generally small,d!jx , due to the
large value of the bulk coherence length (jbulk,Al51.6mm).
The other layer~Nb or Ta!, indicated by subscriptS, controls
the lateral proximity effect. It is usually thicker,dS'jx,S .
Conform Ref. 16, the domain2d<x,0 is occupied by the
Al layer, andx>0 by theS layer. The input parameters o
Eqs.~1a!–~1c! describe the boundary conditions between
S and the Al layer. Far away from the edge~at y5`!, the
value of gm ~associated with the density of states on eith
side of the interface! and gB ~associated with the transmis
sivity of the interface! are the same as in the one-dimensio
case discussed in Ref. 16:

gm5
rsjx,S

rjx

d

jx
5AD

DS

NS~0!

N~0!

d

jx
5g

d

jx
, ~3a!

gB5
RB

rjx

d

jx
5gBN

d

jx
. ~3b!

The definitionsg, gBN are used to remain compatible wit
other work in this field.18,33 Herer is the normal-state resis
21450
e

x

l

f

all
-

e

r

l

tivity of the metal,RB is the product of the barrier resistanc
and the area, andj5@D/2pTC#1/2 is the ~dirty-limit ! coher-
ence length, withTc the critical temperature in theS layer.
The value ofgm determines the strength of the couplin
between theS and the Al layer, whilegB determines the
electrical contact. The right-hand side of Eq.~3a! is based on
the relations betweenj and the normal-state diffusion coe
ficient D, and between the normal-state resistivity a
normal-state single-spin density of states,r5@e2DN(0)#21

~see Ref. 16!. This demonstrates the link betweengm and the
ratio of the normal-state density of statesN(0) on either side
of the S/Al interface.

Strictly speaking, when for a finite thickness of the A
layer the conditiond!jx is not fulfilled, the boundary con-
ditions depend on parametersg, gBN , andd separately.18,33

Still, as is shown in Ref. 18, the parametrization in Eqs.~3a!
and~3b! is accurate up to terms of second order ind/jx . In
practice this approximation works rather well; e.g., the er
is within 5% whend,0.5jx . In the present case we ar
certainly in the regime whered!jx , therefore it is more
convenient to use the parametrization ingm andgB , which
we will maintain in the discussion below. An addition
boundary condition at the undercut edge follows from
analysis of the derivation of the boundary conditions in R
34:

gm,edge5gm/2, ~4a!

gB,edge5gB . ~4b!

Equation~4a! indicates that the number of states in the
layer available to normal-state electrons in theS layer is
halved due to the undercut. This boundary condition is in
pendent of the depth of the undercut, which is in agreem
with the results obtained for series 2. Equation~4b! implies
that at the edge we do not expect a change in the prope
of the interface between the Al andS layers. Separatingx and
y in Eq. ~1a! and replacingv by i« gives for the Al layer

i jx
2 pTc

«G

]

]x S G2
]

]x
F D5F2D2 i jy

2 pTc

«G

]

]y S G2
]

]y
F D .

~5!

As mentioned above, we consider here the case of sm
interlayer thickness. This allows further simplification of th
problem. Sinced!jx , the functionsG and D are in first
approximation independent ofx. Thus the problem of the
two-dimensional proximity effect is essentially reduced
the solution of a one-dimensional equation. Integration
Eq. ~5! then yields

i jx
2 pTcG

«~x1d!

d

dx
F5F2D2 i jy

2 pTc

«G

d

dy S G2
d

dy
F D . ~6!

Such an approach was used by Kupriyanov20 in order to treat
a two-dimensional proximity effect in SNS microbridge
with variable thickness. The boundary condition on the
terface of the Al layer with the barrier is
7-5
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]

]x
F~x52d!50. ~7a!

Combining with the boundary condition at theS/Al inter-
face,

gB

jx
2

d
G

]

]x
F~x50!5Gs~Fs2F!, ~7b!

yields

~Gs2 igB«̃ !F5GsFs2 igB«̃D̃1
jy

2

G

]

]y S G2
]

]y
F D , ~8!

where«̃5«/pTc , D̃5D/pTc .
Finally, we introduce, cf. Ref. 16, functionsu and uS such
that G5cosu, F52 i« tanu, GS5cosuS, and FS5
2 i« tanuS to arrive at the following basic equation for th
variation ofu along they direction:

]2u

]y2 1S D̃1
sinus

gB
D cosu1S i «̃2

cosus

gB
D sinu50. ~9!

This equation governs the variations of the density of sta
along they direction in the Al layer, through Eqs.~2a! and
~2b!. In the bulk superconductor,uS is given by uS
5tan21 (iDS/«), where DS is the bulk pair potential inS.
Equation~9! has a form similar to the Usadel equation in
superconductor with an effective pair potentialD̃eff5D̃
1gB

21 sinus and an effective energy«̃eff5«̃1igB
21 cosuS.

HereuS (x50) is the solution of the Usadel equations in t
y direction, taken at the interface between the Al andS layer.
Equation~9! can be cast in the form

jeff
2 ]2u

]y2 sin~u1C!50, ~10a!

where C is a constant~the actual expression forC is not
relevant here!, while jeff is given by

jeff

jy
5F D̃22 «̃212

D̃ sinus2 i «̃ cosus

gB
1

1

gB
2 G21/4

. ~10b!

Equation~10a! implies thatjeff determines the length sca
of the spatial variation ofu at a given quasiparticle energy.
follows from Eq.~10b! that jeff has a pole at an energy

«̃g5 i
cosus

gB
1Asin2 us

gB
2 12

D̃ sinus

gB
1D̃2, ~10c!

which corresponds to the gap energy in the Al layer. Th
for quasiparticle energies close to the gap, the effective
herence length is enhanced compared tojy . Although this
effect is not very strong, because of the1

4 power, it is a
remarkable feature. The same also holds for a bulk super
ductor, where jeff5jS@D̃S

22«̃2#21/4. This follows directly
from Eq. ~10b! by settinggB

2150 andD5DS . The bound-
ary conditions for Eq.~9! at the edge (y50) and far away
21450
s
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from the edge (y5`) are expressed via the solution of th
proximity effect problem in thex direction at the Al/S inter-
faceuS at x50:

tanu~y50!5
gBD̃1sinuS~x50,y50!

2 igB«̃1cosuS~x50,y50!
, ~11a!

tanu~y5`!5
gBD̃1sinuS~x50,y5`!

2 igB«̃1cosuS~x50,y5`!
. ~11b!

Equation ~9! is now solved along they direction with the
boundary condition~11a! and~11b!, cf. the methods outlined
in Ref. 16. The first step is the selection of a parameter
(gm ,gB) for our model. We emphasize here that the ex
values ofgm and gB are not of primary importance for th
present study. They serve only as a starting point for
discussion of the long-range lateral proximity effect in A
Several examples of Nb/Al and Ta/Al structures were co
sidered in Ref. 18, which are of a quality that is compara
to that of the STJ’s in this study. It was shown that in
cases the ratiogBN /g is close to 2 for the Nb/Al combina
tion. Thus we tookgB /gm5gBN /g52 also in the current
case. The remaining adjustable parameter is then fixed by
measured gap reduction in the STJ. In this way we obt
gm50.3 andgB50.6, in reasonable agreement with the r
sults in Ref. 18. Zehnderet al.33 also determined thegBN and
g parameters for a series of Nb/Al STJ’s, but arrive at qu
different values, presumably due to substantial difference
layup and fabrication between their devices and ours. For
Ta/Al structure we derivedgm50.1 andgB'0.3, which cor-
responds to an average of the results in series 2.

The key output from the above model is the density
quasiparticle states in the lateral direction,NQP(«,y), close
to the barrier. Figures 7~a! and ~b! show NQP(«,y) in a
Nb/Al bilayer, close to the barrier (x52d) as a function of
distance to the edge, and as a function of quasiparticle
ergy, respectively. For quasiparticle energies close to the
the distance over whichNQP(«,y) varies may be as large a
10jy , as can be seen in Fig. 7a. This amplification of t
proximity range is essential to understanding how a feat
at the edge can influence the measured energy gap of an
as large as 50mm. Clearly, the distance from the edge
which NQP(«,y) saturates depends on quasiparticle energ
consequence ofjeff depending on quasiparticle energy as d
cussed above. Figure 7~b! shows another important feature
in all curves quasiparticle states exist down to energies 1
meV, but the number of states is a strong function of po
tion. Figures 7~a! and ~b! thus demonstrate that in two
dimensional proximized superconductors the definition
the energy gap becomes to some extent arbitrary.

IV. APPLICATION TO CURRENT-VOLTAGE
CHARACTERISTICS

A. Construction of I „V… curves

From the results shown in Fig. 7~b!, the density of quasi-
particle statesNi(«,y), in both electrodes as a function o
7-6
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FIG. 7. The basic results of the two-dimensional proximity model for a Nb/Al bilayer withgm50.3 andgB50.6: the density of
quasiparticle statesN(«,y), measured in units of 2N0 . Vertical positions are chosen close to the barrier (x52d). ~a! NQP(«,y) as a
function of distance to the edgey for various quasiparticle energies. The squares indicate the distance at which the density o
‘‘saturates.’’ ~b! NQP(«,y) as a function of quasiparticle excitation energy«. Curves are shown foryP@0, 0.1, 0.2,...,1, 1.5, 2, 3,...,10, 20#
in units of the lateral coherence lengthjy . ~c! The corresponding tunnel currents, in the case ofNQP(«,y) for various values ofy on one side
of the barrier andNQP(«,20jy)'NQP(«,`) on the other side.
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~two-dimensional! position y, can be readily determined
provided we know the effective lateral coherence length
both electrodes. Individual tunnel currentsI SS(V,y) are then
obtained using the familiar expression~see, e.g., Ref. 35!

I SS~V,y!5
Gnn

e E
2`

1`

d«@ f ~«!2 f ~«1eV!#

3
N1~«,y!

N1~0!

N2~«1eV,y!

N2~0!
, ~12!

where Gnn is the normal-state conductivity of the STJ.
Fig. 7~c! examples of tunnel currents are shown, arising
tween a region withN1(«,y), for various values ofy, on one
side of the barrier andN2(«,`) on the other side. The shar
rise in the tunnel current near the gap energy is caused by
sudden possibility for members of Cooper pairs on one s
of the barrier to individually tunnel into quasiparticle stat
on the other side of the barrier. Because the member
stays behind also becomes a quasiparticle, the tunnel cu
is actually governed by the density of quasiparticle states
either side of the barrier, hence the appearance ofN1 andN2
in Eq. ~12!.

B. Measurement of the energy gap

The elevation of the local energy gap close to the e
implies that there is a range of bias voltages, 2Dcenter
,eVbias,2Dedge, for which quasiparticles can tunnel int
the central region of the electrode, but not into the rim clo
to the edge. The electrical circuit is closed when the qu
particles undergo Andreev reflections from the rim, there
emitting Cooper pairs into the rim. This situation is ana
gous to that in the experiments discussed by Clarke
Tinkham.36,37 They concluded that when a quasiparticle c
rent is converted into a pair current, the quasiparticle pot
tial in the nonequilibrium region differs from the pair chem
cal potentialmp by a valueeVQP. Below we argue that this
value is proportional to the area of the region in which t
tunneling takes place and of sufficient magnitude to dr
down the effective gap in the adjacent region to a level t
tunneling will take place there as well. The consequenc
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that the STJ is driven towards a situation in which the tun
current is uniform across the surface, at the expense of l
variations in the quasiparticle potential~with respect to the
level set by the bias voltage!. This implies that the integra
tion over the barrier area of the localI (V) curves in Fig. 7~b!
should take place in horizontal direction~i.e., for fixed val-
ues of tunnel current density! instead of in the vertical direc
tion ~for fixed values of the bias voltage!:

V~ I !5E
area

dyV~ I ,y!. ~13!

This computation requires the inversion of Eq.~12! with re-
spect toV, an operation that is easily performed numerical

Because of the high bias voltage, the quasiparticles
tunnel into the central region have a strong electronlike~or
holelike! character. This results in a local branch imbalan
which is characterized by the quantityQ5ne2nh , where
ne ,nh are the densities of electron- and holelike quasipa
cles, respectively. Tinkham and Clarke concluded that
valueeVQP is proportional to the quasiparticle currentI:

mQP2mp5eVQP'Q/2N~0!g'I tQ/2eVN~0!g, ~14!

wheretQ is the branch-mixing time, i.e., the time it takesQ
to relax to zero,g is the conductance of the interface acro
which VQP develops, andV is the volume of the supercon
ductor. This expression is valid for all temperatures, p
vided the temperature dependence oftQ is taken into ac-
count. Since the quasiparticle currentI is proportional to the
area of the barrier, so isVQP. Our situation differs on two
minor points from the one for which Eq.~14! was derived. In
our case, the quasiparticle current is converted into a
current by Andreev reflections against the surrounding
gion with elevatedD, instead of by tunneling from a norma
metal into a superconductor. As a result, the normalized~tun-
nel! conductivitygNS in the analysis by Tinkham and Clark
must be replaced by a factorg52 for Andreev reflections
~see, e.g., Ref. 34!. Also, our experiments were carried out
a much lower temperature. Therefore inelastic scattering
Andreev reflections may compete as the dominant proc
7-7
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for branch mixing. For the energy range indicated in F
7~b! @taking D(0)51.24 meV,«max51.32 meV!, the inelas-
tic tQ in the low-T limit 38 is at least 2.4ms, but for energies
D(0),«!«max it is much larger. For the Nb/Al STJ’s in ou
sample, diffusion constantsD were estimated to be 13
cm2 s21 for the base electrode and 7 cm2 s21 for the top
electrode,39 equivalent to diffusive crossing times of 0.1 an
1.8 ms for, respectively, the base and top electrode of a
350-mm2 STJ. These values are based on the familiar re
tion D5 1

3 ^nQP& l , where the mean-free pathl is based on
measurements of the residual-resistance ratio of the fi
and the mean quasiparticle velocity^nQP& includes the usua
low-energy correction with respect to the Fermi velocity40

However, recent work bears out growing evidence that q
siparticles diffuse considerably slower~typically a factor
5–7! than this relation predicts.21,22,41,42In, for example, a
50-mm Nb/Al STJ we expect a current I of 25 mA for a bia
of 2.5 mV, which would result in aVQP of 0.5 mV, if we
assume a shorttQ of 0.1 ms. This is more than enough t
bridge the gap difference of;0.1 mV between the cente
and edge. In Fig. 1 we see that due to the breakdown
superconductivity, the actual current may be a factor
smaller. Even with such a low current it is possible to obt
a VQP of 0.1 mV in the base electrode when the actual q
siparticle diffusion is indeed a factor of 6 slower.

C. Breakdown of superconductivity in the leads

Figure 1 shows another geometrical dependence of
I (V) characteristics. For sample 1, the maximum curr
measured near the gap voltage is roughly a linear functio
STJ size, instead of a linear function of area as one wo
expect from Eq.~12!, and as one can see in the data
sample 6 in Fig. 1. Consider a scan, increasing inVbias,
across the gap voltage. At the maximum current, there
sudden change in the impedance of the STJ, which ca
the jump in theI (V) curve. We interpret this jump in term
of a breakdown of superconductivity somewhere in the
perconducting circuit. Inspection of the sample data reve
that the effect is specific for samples 1 and 2. It is proba
related to the crystallographic quality of the leads. A fla
somewhere then drastically reduces the maximum cur
that can flow through the region before it becomes norm
conducting. Once part of the circuitry becomes norma
conducting, heat is generated and the local temperature
probably quickly aboveTc . In particular the top lead, which
is deposited after the device patterning process, may be
ceptible to such problems. A clear example of the heat
process is shown in Fig. 1~e!. The curvature clearly deviate
from what is expected for a normalI (V) curve, and is con-
sistent with an increasing serial resistance. During this s
the sample temperature increased from 0.32 to 0.45 K. In
case, however, a complete breakdown of the supercondu
ity did not occur. But, as is clear from Fig. 1~e!, the heating
effect does limit the part of the curve to which a reliable
can be made. In either case, the net result is a progress
lower cutoff in the current, which promotes an artificial d
crease of the measured energy gap~see Fig. 8!.
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D. Comparison between model and data

Figures 9~a! and ~b! show the results of a simulation o
the data for the Nb/Al STJ’s, as displayed in Fig. 3. The tw
main input parameters,gm50.3 andgB50.6, are typical of
Nb STJ’s with thin ~5-nm! Al layers. These computation
separate the different factors discussed above. The main
clusion is that it is possible to quantitatively explain the o
servedDgap-size relation. Furthermore, it is clear that th
relation cannot be solely explained as the result of an artif
such as the breakdown of superconductivity for some c
rent. So there really is an important contribution from t
lateral proximity effect. An essential assumption is the va
of the lateral coherence lengthsjy on either side of the bar
rier. In the case of the Nb/Al STJ’s they are different becau
the Al in the base electrode is epitaxial with the Nb, while
the top electrode the Al is polycrystalline, with a typical si
for the crystallites of 50 nm. In order to explain the full rang
of measured gap energies in Fig. 3, rather extreme value
jy in the Al layers must be assumed on either side of
barrier, namelyjy'1.6mm on the epitaxial side andjy
'0.5mm on the polycrystalline side (jbulk,Al51.6mm).
Substantially smaller values on either side do not suffice

FIG. 8. Illustration of how the breakdown of superconductiv
in the leads of the STJ at decreasing current levels influences
measurement of the energy gap.~a! Full I (V) curve, ~b! blowup,
scaled to the maximum current level for each fit.
7-8
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FIG. 9. ~a! Computed relations between en
ergy gap and STJ size, for Nb/Al STJ’s withgm

50.3 andgB50.6 and the maximum values fo
the lateral coherence lengths. Triangles indica
the strength of the relation if only the breakdow
of superconductivity in the leads played a rol
Circles indicate the relation when the breakdow
effect is ignored, and only the positional variatio
of the tunnel current played a role. Squares re
resent the computations that include all effec
~b! Various ratios of the lateral coherence lengt
on either side of the barrier.~c! and~d! Idem, but
now for Ta/Al STJ’s. The input parameters a
gm50.1 andgB50.3.
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is clear from a comparison between the various curves
Figs. 9~b! and the results in Fig. 3.

A similar conclusion is reached for the Ta/Al STJ’
These differ from the Nb-based STJ’s in that the Al laye
are polycrystalline on either side of the barrier. Therefore
lateral coherence lengths are taken equal in both electro
The input parameters aregm50.1 andgB50.3, as discussed
in Sec. III. With this choice of parameters the energy gap
at the level of the average of the three samples in series
Fig. 4. Again, as is apparent in Fig. 9~d!, the largest values
for jy are required to explain the full gradient in measur
energy gaps as a function of STJ size.

At first sight such large values for the lateral coheren
length may seem difficult to reconcile with the thickness
the Al layer in the Nb/Al junctions~5–10 nm!. The layers
below the AlOx barrier are epitaxial with the monocrystallin
sapphire substrate, and are therefore of a high crysta
graphic quality. On would therefore expect the transport
the electrons through the Al to be dominated by scatter
from the barrier and the Nb/Al interface, and the mean f
path of the electrons to be of the order of the thickness of
Al layer. However, several workers43–45 have pointed out
that in very thin films the assumption of diffusive scatteri
may no longer be appropriate. In particular, the fraction
electrons that are reflected specularly becomes apprec
for grazing incidence, provided the interfaces are sufficien
smooth, i.e., do not have features on the scale of the Co
ton wavelengths of the electrons. Because of the low in
dence angles, these electrons will also not be able to tu
across either of the interfaces. Hence the coherence leng
this population may approach the bulk value.
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The situation in the Al above the barrier in the Nb STJ
and in both the electrodes of the Ta-based STJ’s, is slig
more complicated. Here the electrons that travel in a late
direction encounter on average every 50 nm a boundary
columnar grain. On TEM cross sections these grain bou
aries appear to be smooth, even on atomic scales, so it is
very likely that the electrons are diffusively scattered by o
encounter. Dispersion of the electrons upon crossing
boundary between two different crystallographic orientatio
of the Al seems more plausible, given the nonspherical sh
of the Fermi surface. Hence the mean-free path of the e
trons could easily be several times the diameter of the
lumnar grains. In fact, we assume it here to be ten times
grain diameter. As is clear from Figs. 9~b! and~d!, the effect
does not depend on the precise values ofjy , but on their
order of magnitude.

V. SUMMARY

In the experiments discussed in this paper evidence
found for lateral gradients in the effective energy gapDgapof
thin films on length scales of~at least! severalmm. These
gradients were caused by an undercut in the edge of S
which caused the outer rim of the Nb or Ta electrodes
become disconnected from the Al proximity layers. In a
sence of this undercut there was no appreciable relation
tweenDgap and STJ size. It was excluded that this effect
only an artifact of the measurement techniques although
identified a mechanism that enhances the effect. The res
of these experiments can be understood in terms of a t
dimensional proximity model, which is an extension of t
7-9
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current proximity models based on Usadel’s equations
remarkable feature of this two-dimensional proximity mod
is that the lateral part can be separated from the transv
part. Associated with the lateral part is a lateral cohere
lengthjy , which has to be of the order of the bulk coheren
length in Al, in order to explain the measurements. T
implies that in thin films, the coherence length is not
isotropic quantity. We argued that in thin films, such as
Al layers, large electronic mean free paths in lateral dir
tions are not implausible, even in polycrystalline films. T
lateral part of the theory can be recast in a form analogou
Usadel’s one-dimensional equation. This form features
effective coherence lengthjeff , which depends on quasipa
ticle energy. For energies close to the gap, it may be an o
of magnitude larger thanjy , which essentially explains how
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the measured energy gap of a 50-mm-large STJ is influenced
by a feature at the edge.

ACKNOWLEDGMENTS

We gratefully acknowledge the support of H. Zandberg
of the Technical University of Delft, NL, and A. C. Wrigh
of the NEWI in Wrexham, U.K., with the production of th
TEM images. We thank A. Kozorezov and K. Wigmore
Lancaster University for stimulating discussions in an ear
stage of this project. All junctions discussed in this pap
were produced by the Oxford Instruments Scientific R
search Division, Cambridge, U.K. Finally, Aurora BV, Sa
senheim, NL, provided financial support.
r,

ht,
E

G.

G.
J.

-

EE

n-
,

N.
.

. C.

Ja-

or-
F.

F.
1P. G. De Gennes, Rev. Mod. Phys.36, 225 ~1964!.
2A. F. Volkov, A. F. N. Allsopp, and C. J. Lambert, J. Phys

Condens. Matter8, L45 ~1996!.
3Yu. V. Nazarov and T. H. Stoof, Phys. Rev. Lett.76, 823~1996!.
4H. Courtois, Ph. Gandit, D. Mailly, and B. Pannetier, Phys. R

Lett. 76, 130 ~1996!.
5S. Gueron, H. Pothier, N. O. Birge, D. Esteve, and M. H. Devo

Phys. Rev. Lett.77, 3025~1996!.
6K. Neurohr, A. A. Golubov, Th. Klocke, J. Kaufmann, Th. Shae

pers, J. Appenzeller, D. Uhlisch, A. V. Ustinov, M. Hollfelde
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