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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 sevegain. 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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[. INTRODUCTION conducting tunnel junction6STJ'9 with an undercut at the
edge, which locally suppresses the proximity of the Al on the
When a superconducting material is brought into electri-Nb or Ta. This theory has two interesting implications. The
cal contact with anothefsupejconducting material, Cooper first is that the local value od 4., may vary over distances
pairs will diffuse across the interface between the materialsthat are substantially larger than the coherence length. The
and the pair potentia| and the density of states on either Sid@COHd is that when we reformulate the lateral variation in
of the contact are influenced. As a consequence, the enerd§ms of Usadel's equation, an effective coherence length
gapA g, is locally affected. This is usually referred to as the ©Merges, which is dependent on the quasiparticle energy.
proximity effect’ The influence of the proximity effect on
the coherent transport in normal-metal—superconductor con-
tacts has been extensively studied both experimentally and
theoretically in a number of recent publicatidn$? With the A. Setup

advent of modern theoretical descriptions based on self- The STJ's used in our experiments were fabricated by

consi§tent solutions of either .the Usadel e_quati«_:ns or theywford Instruments as part of an ongoing effort by the ESA
Bogoliubov—de Gennes equatiosee the reviews in Refs. 4 jevelop imaging spectroscopic detectors for astronomical
13-19, the proximity effect is now well enough understood purpose€’2® The sandwiches of Nb/AI/AIQ/AIND or

to provide reliable predictions for the design of supercon-To/Al/AlO, /AliTa are magnetron sputtered in an Ar atmo-
ducting devices>'’ Examples of this “energy-gap engineer- sphere on a superpolished sapphire substrate without break-
ing” are given in, e.g., Refs. 18 and 19. Up to now mosting the vacuum in the deposition chamber. Deposition con-
treatments of the proximity effect have been strictly one di-ditions are selected such that at least the first overlayer is
mensional: the variation of the localy,,is computed in the epitaxial with the sapphire. The Al layer on Nb is always
same(vertica) direction as in which the various layers of epitaxial, while the Al layers on Ta are polycrystalline once
materials are stacketbee, however, Ref. 20Through a they are thicker than a few nm. Exposing the Al to a con-
stack of thin films(i.e., layer thickness of the order of the trolled amount of oxygen creates the Al®arrier. The ap-
coherence lengthd the gradient in ,,is essentially zer®  plied barrier recipe is always the same, resulting in a fairly
Quasiparticle trapping is then the result of differences in theconstant barrier resistivity of 2:50.5u cn?. The layers
density of states between the layers, resulting in Andreethat are deposited on top of the barrier are always polycrys-
reflections on the boundary between the materials. In a varialline. The nominal layer thickness is 100 nm for the Nb and
ety of applications, e.g., photon detectors withTa base electrodes and 200 nm for the top electrode, but
absorberé!~2° or arrays of junctions with highk material  other combinations of electrode thickness have been used as
bridges® the proximity effect may extend over distances inwell. The thickness of the Al layers in the Nb-based STJ’s is
excess of¢ in the lateral direction, and the problem will no in the range from 5 to 10 nm, while for the Ta devices it
longer be strictly one dimensional. In this paper the existingvaries between 5 and 65 nm. The manufacturing process of
theory of the proximity effect is generalized for application the Nb-based STJ's is a modified version of the SNEP
to the two-dimensional problem of Nb/Al and Ta/Al super- technique?®°

II. EXPERIMENTS
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FIG. 1. Examples of (V) curves for STJ's of different sizes on the same chip. Solid markers indicate individual measured datapoints
(V,1). The inset gives the values of the gap enefigy, and its 1o formal erroro, , estimated from linear least-squares fits to the flanks
(solid lines. The top row shows an example of a chip with Nb/Al ST&ample 2 in Fig. 3 beloy the bottom row a chip with Ta/Al STJ's
(sample 6 in Fig. 3 belo Indicated in panel b is the point where the superconductivity breaks down. Panel e shows an example where the
lead becomes resistive while the device remains superconductive. In this case the fit is made to the lowest pbfVpfctivee. The
consequences of these effects will be discussed further in Sec. IV C.

The base etch step is a standard wet etch in a solution df-o accuracy of(at wors} a few uV. This number follows
HF and HNQ, tuned to etch Nb away as fast as Al. The Tafrom a standard error propagation analysis;=2[c2
devices used in these experiments show a larger variation in ¢ ]2 wheres, , ando_ are the errors in the extrapo-
base etch techniques, including wet etch techniques, reactiygtion of the fitted liney=a+bx to the intercept with the
ion etching(RIE), and ion beam millingIBM). So, whereas  apscissdat V=x,) on respectively the positive and negative
the series of Nb-based STJ's is quite homogeneous in layou§ide of thel (V) curve. These errors are given by = o2
fabrlcatlon, gnd performance,. the series of Ta STJ's shows 5 O apXo+ aﬁx%, wherea,, oy, ando,, are the standard
Igrger variations. For the device patternmg,.standard phOtO'rrors in the fitted parameteesand b, and the covariance,
lithographic techniques were used to obtain two types o espectively’!
chips with Nb/Al STJ’s. One type contains eight STJ's, with
sizes of 20 and 5@m, the other type contains ten STJ’s with
sizes in the range from 10 to 1Qam. This type of chip has B. Results
also been used for the Ta/Al STJ's. Only samplefxhe ten Figure 3 shows the results frot,, measurements on
we will discuss in some detail belgvis an exception: this oy different samples of STJ's. This is a subset of a series of
chip contains 20Q:m STJ's as well.

Thel (V) curves are obtained in a standard way by scan- Vi, Vou
ning Vs across the junction up and down and reading the
currentl at a temperature of 0.3 K. A magnetic field of up to
a few 10 G was applied to suppress the Josephson current.

We ensure, however, that this field did not influence the

value ofA,,. Thel (V) curve is sampled with 400 measure-

ments. The density of sampling increases with the gradient in

the I(V) curve to ensure good sampling statistics for the

interesting features, such as the flanks. The gap voltages are STJ
determined at the intercept of a linear least-squares fit to the

straight parts of the steep flanks in th@/) curves and the = =

abscissa. Thé ,,values for the STJ's are obtained fromthe £ 2. scheme of the electronics used for the current-voltage
gap voltages in the positive and negative part of ki)  measurements. Each generated data point consists of a voltage pair
curves as go5= 7 (V35— Voa). Examples of this procedure v, andV,,. The range resistoRg is set to either 10 or 100¢k

are given in Fig. 1, while the general setup of the electronicThe compensation for the wire resistarRg is introduced in the

is shown in Fig. 2. TypicallyA 4,,can be determined with a  software wherV;, andV,, are translated t& and|.

Sweep gen.

A\~
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Series 1: Nb/Al STJs with edge undercut Comblned results
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FIG. 3. (a)—(c) Gap energy 4,,as a function of junction size for four different chips with Nb/Al junctions with tt6r-10-nm Al layers
and undercut edges or Al missing from a part of the base Nb film. The bars indicateoterthal 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 sizengitzdt was
present in all samplésThe probabilityP for obtaining the observetSpearmancorrelation from a random distributiofi.e., two-sided
significance is indicated in the insete)—(g) TEM cross sections of an edge profile which is typical for these devices. An indication for the
depth of the undercut is given.

11 different samplegwith in total 54 junctiongwith Nb/Al of this relation. This leaves spatial variation of the loagh,,
STJ's. The samples not shown mainly contain only 20- andn these junctions as the most probable explanation. The cor-
50-um STJ’s, but their data were used in the combined reresponding TEM cross-section images in Fig&) 3and (f)

sults in Fig. 3d), and they account for most of the spread inclearly show the undercut in the edge at the location of the
the A 4opvalues at 2Qum. The dependence dfy,,0on the size Al layer, which we believe plays a central role in this effect.
of the junctions is evident and highly 5|gn|f|cant accordingThis undercut is an unintended by-product of the device pat-
to a standard nonparametti8pearmancorrelation test ap-  terning process. Apparently, the etching process during junc-
plied to the combined data set. Because the comparison @ibn patterning is different from that during the simpler pro-
STJ's with different sizes as shown in the individual panelscess development trials, resulting in a relative faster etching
in Fig. 3 is performed on the same chip, we can thereforef the Al layer. Figure 8) shows a different edge profile
safely exclude differences in fabrication routes or experiwith the same effect: instead of an undercut a part of the base
mental circumstances as a possible cause foAthgvaria- Al layer with everything on top of it has beeagain unin-
tions. Differences iny,, among STJ's with the same size tentionally removed over a distance of about 300 nm. Figure
that exceed the measurement errors indicate that the actuélshows that the same effect is present in a series of three
device patterning is a nonuniform process. They are the maigamples, comprising in total 28 Ta/Al junctions. The TEM
source of scatter on the observag,size relation. As we images in Figs. @)—(g) illustrate again how the etching pro-
will argue below, they are not responsible for the occurrenceess has affected the edge. Figure 5 demonstrates the physi-

Comblned results

Series 2: Ta/Al STJs with edge undercut
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FIG. 4. As above, but now for Ta/Al junctions with Al layers of varying thickn€ss60 nm, and with varying undercut depth.
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Series 3. Ta/Al STJs without edge undercut Combined results
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FIG. 5. As above, but now for Ta/Al junctions without an edge undercut.

cal link between the\,, variation and the edge undercut material: for Nb the effect seems three times stronger than
with a third series, also of three samples, with in total 26for Ta. For the samples in series 3, Ta/Al STJ's without
Ta/Al junctions, for which different patterning processesundel’cut, Fig. 5 provides an indication of the converse situ-
have been tried. This time, the corresponding TEM images ition. Here the energy gap actuaifcreaseswith increasing
Figs. §e)—(g) show that the undercut in the edge is absentSTJ size. These STJ's were patterned using the IBM tech-
Note that even in sample 1&ig. 5g)], despite the absence nhique. The TEM image of sample 8 shows clearest het0

of a part of the top electrode, the base Al layer covers thém of the sapphire outside the STJ has been removed during
entire base electrode. At the same time we find thgt,no  1BM. Another consequence of IBM, which is not readily
longer decreases with increasing junction size. Figumg 5 Visible in the TEM image, is localized damage to the Ta
suggests that there is even a significant trend for the oppositattice close to the edge. Upon impact, ricocheting ions will
effect. Therefore we have unambiguous proof of a physica#lislocate atoms in the lattice close to the edge, and constitute
link between the presence of the undercut and the spati#ihpurities. It is well known that the critical temperature de-

variation of Ag,, with the size of the STJ's. pends both on impurity conteigthe isotope effe¢tand the
quality of the lattice. Both dislocations and impurities will

tend to locally decreas€., and thus the local energy gap.
) ) . ~So, in the samples of series 3, we indeed expect an opposite
The A gqgsize relation strongly suggests a geometrical ori-gffect by the above mechanism, resulting in an increasing

gin. A simple model based on two values fag,, could  energy gap measured for STJ's with increasing sizes.
already provide a qualitative explanation of the observed

relation®” Suppose each STJ possesses a rim of fixed width
in which A, is elevated, and a central area, which is larger

for the bigger STJ's, whera g, has its normal, proximized  The introduction of a second spatial dimension in the
value. If the measured y,, were some average over a distri- proximity problem, in order to compute lateral variations in

bution of local values oA g, then the measuredly,,would A - requires several modifications of the approach outlined
decrease for increasing STJ size. Now we associate the rim

with a, say, 0.2zm-wide region at the edge where the elec- / / T T

C. Interpretation

IIl. TWO-DIMENSIONAL PROXIMITY EFFECT

gap’

trode materialNb or Ta is not in contact with the Al layer

S poly Nb
due to the undercut. As a consequence, the rim is not, or

L L

much less, proximized than the central region, which is in / [ f\ Ipoly Al /
direct electrical contact with the Al. Because the ball,, / epi Al

for Nb or Ta is higher than that of Al, the local value &, //.

in the unproximized rim will be higher than in the center. In X\ Yor Vo epi Nb .
its turn the rim of highA 4, material will influence the adja- )
cent material with a lower value fohy,,. The proximity =

effect in this situation therefore has two spatial dimensions.

Figure 6 provides a sketch of this situation. A comparison g 6. Schematic representation of a cross section of a Nb/Al
among the individual samples of series 2 in Fig. 4 indicatessTj with an edge undercut, illustrating the two-dimensional aspects
that the strength of the effect, defined as the slope of thgf the proximity effect. The greyscale indicates the local value of

relation betweem 4, and size, does not depend on the depththe energy gap: the darker the color, the highgy,. The width of

of the undercut. A comparison between series 1 and 2, on th@e Al layer has been exaggerated for clarity. See Sec. Il for further
other hand, strongly suggests a dependence on the electrogietails.
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in Ref. 16. First, the introduction of a lateredlean limi) tivity of the metal,Rg is the product of the barrier resistance
coherence lengtt, with a corresponding term in the Usadel and the area, ang=[D/27T¢]*? is the (dirty-limit) coher-
equations is needed, in addition to the usual vertidaty-  ence length, withT, the critical temperature in th8 layer.
limit) coherence lengtlf, . In two dimensions Eq93) and  The value ofy,, determines the strength of the coupling
(4) of Ref. 16, which describe the Al interlayer, then becomepetween theS and the Al layer, whileyg determines the
electrical contact. The right-hand side of E8a) is based on
TrTC[gzi Gziq)H the relations betweeé and the normal-state diffusion coef-
oG | “*dx ay ' ficient D, and between the normal-state resistivity and
normal-state single-spin density of statps;[€2DN(0)] !
(see Ref. 1§ This demonstrates the link betweep and the

d
G>—d

O=A+ X

d
2
"8y

A Inl* +24T E A-Go -0, (1b) ratio of the _normal—state density of staté€0) on either side
TS ©>0 O of the S/Al interface.
Strictly speaking, when for a finite thickness of the Al
® layer the conditiord<<¢, is not fulfilled, the boundary con-
G=——. (1)  ditions depend on parameteys ygy, andd separately®>3
[H21 2 g
o Still, as is shown in Ref. 18, the parametrization in EG®)

HereA is the pair potentiainot the energy gapland® is a and(3b) is accurate up to terms of second ordedii, . In
function related tdG via Eq. (1¢), but without a direct physi- practice this approximation works rather well; e.g., the error
cal meaning. Note that for reasons of clarityandk are set 1S Within 5% whend<0.%,. In the present case we are
to unity. T is the critical temperature of the Al layer. In Certainly in the regime where<¢,, therefore it is more
these equations the central role is played by the complekOnvenient to use the parametrizatiomip and yg, which
Green’s functionG, which is a function of energy and W€ will ma|nta|.n. in the discussion below. An additional
position (x,y). It is directly related to the density of states of Poundary condition at the undercut edge follows from an

the quasiparticle$QP’s) and Cooper pairéCP’s): analysis of the derivation of the boundary conditions in Ref.
34:
Nor(&,X,y) =ReG, (2a)
Ym,edge— Yml2, (4a)
Ncple,X,yY)=ReGd/w. (2b)
Implicit in these equations is the relation between the real ¥B,edge” VB - (4b)
he M f =7T[2n+1
in(()a r1932/s a;r.]it:iiwatsu[:b;rae;;?ulzgg” awsgpgrate] égt of Equation(4a indicates that the number of states in the Al
I Et EERY A n- y

layer available to normal-state electrons in tBdayer is
halved due to the undercut. This boundary condition is inde-
pendent of the depth of the undercut, which is in agreement
with the results obtained for series 2. Equatidb) implies

qat at the edge we do not expect a change in the properties
the tunneling takes place to and from this layer. The thick-° .the interface betweer] the Al ?"ﬁf"”.‘yefs- Separatingand
ness of the Al layer is generally small<¢,, due to the y in Eq. (13 and replacingo by ie gives for the Al layer

large value of the bulk coherence lengt, (i o =1.6um).

The other layefNb or Tg, indicated by subscrig, controls igzﬂ_Tc 9
the lateral proximity effect. It is usually thickedg~¢, s. *eG ox
Conform Ref. 16, the domain d<x<0 is occupied by the

Al layer, andx=0 by theS layer. The input parameters of ) .
Egs.(1a—(10) describe the boundary conditions between theAS mentioned above, we consider here the case of small
Sand the Al layer. Far away from the edgat y=), the interlayer thlckness. This allows_ further 5|mpl|f|cat!on _of the
value of y,, (associated with the density of states on eithefProblem. Sinced<¢,, the functionsG and A are in first
side of the interfadeand v (associated with the transmis- @PProximation independent of Thus the problem of the
sivity of the interfacgare the same as in the one-dimensionalWo-dimensional proximity effect is essentially reduced to

equations of the forn{la—(1c) is required, plus a set of
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 tunneling
processes. Since it is adjacent to the barrier on both sides, 4

7
2
G ﬁx(b

_B_A P P GzaCI)
e Tt

case discussed in Ref. 16: the solution of a one-dimensional equation. Integration of
Eq. (5) then yields
Y _osbxs 0 _ /D N(O) @ _7d (33 T.G d T. d d
m— = ND. e Ve T T
pE & VDsN(O) & ¢ 22 c_:__-zc_(z_
X SX x x ng(x+d)dxq) d-A |§dedey<I>.(6)
Rg d d
V8= g E T YeNg (3b)  Such an approach was used by Kupriyaiiow order to treat
X ©X X

a two-dimensional proximity effect in SNS microbridges
The definitionsy, ygy are used to remain compatible with with variable thickness. The boundary condition on the in-
other work in this field®33Herep is the normal-state resis- terface of the Al layer with the barrier is
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a—XQD(X:—d):O. (7a)

Combining with the boundary condition at tt®Al inter-
face,

& 9
Yog Gy P(x=0)=Gy(ds— @), (7b)
yields
o N R Y.
(Gs_l'}’Bs)q):Gs(Ds_")’BsA'l'EW G W(D . (8

wherez=¢/nT,, A=A/7T,.

Finally, we introduce, cf. Ref. 16, function&and 5 such

that G=cosf, P=-—istand, Gg=cosfs, and Pg=

PHYSICAL REVIEW B 63 214507

from the edge y=o0) are expressed via the solution of the
proximity effect problem in the direction at the AlS inter-
face A5 at x=0:

yeA +5sin65(x=0y=0)
—iyge+cosfg(x=0y=0)’

tanf(y=0)= (113

yeA +5sinfg(x=0y=»)
—iyge+coshg(x=0y=00)"

tang(y=o0)= (11b

Equation(9) is now solved along thg direction with the
boundary conditiori11a and(11b), cf. the methods outlined

in Ref. 16. The first step is the selection of a parameter set
(vm,7vs) for our model. We emphasize here that the exact
values ofy,, and yg are not of primary importance for the
present study. They serve only as a starting point for our

—ietands to arrive at the following basic equation for the giscyssion of the long-range lateral proximity effect in Al.

variation of  along they direction:

0S6g

VB

it—

520 e sin 6
ay?

)cosa+ )sin 6=0. (9

Y8

This equation governs the variations of the density of state

along they direction in the Al layer, through Eq$2a and
(2b). In the bulk superconductorfs is given by 6g
=tan 1 (iAg/e), where Ag is the bulk pair potential irS

Equation(9) has a form similar to the Usadel equation in a

superconductor with an effective pair potentidly=A
er,glsims?S and an effective energ%eﬁ=5+iyglcos¢93.

Several examples of Nb/Al and Ta/Al structures were con-
sidered in Ref. 18, which are of a quality that is comparable
to that of the STJ’s in this study. It was shown that in all
cases the ratiggy /7y is close to 2 for the Nb/Al combina-
tion. Thus we tookyg/vym=vyen/y=2 also in the current
Rase. The remaining adjustable parameter is then fixed by the
measured gap reduction in the STJ. In this way we obtain
vm=0.3 andyg=0.6, in reasonable agreement with the re-
sults in Ref. 18. Zehndeat al >3 also determined thggy and

v parameters for a series of Nb/Al STJ’s, but arrive at quite
different values, presumably due to substantial differences in
layup and fabrication between their devices and ours. For the

Here 65 (x=0) is the solution of the Usadel equations in the Ta/Al structure we derived,,= 0.1 andyg~0.3, which cor-

y direction, taken at the interface between the Al &idyer.
Equation(9) can be cast in the form

2

, 30
Eirgyz SN0+ C)=0, (109

where C is a constantithe actual expression fa€ is not
relevant herg while & is given by

O] . —1/4
~ Asinf;—ie cosfs 1
=[A%2-%%2+2 2 S
VB VB

Ee
&y

(10b)

Equation(10g implies thaté.« determines the length scale
of the spatial variation of at a given quasiparticle energy. It

follows from Eq.(10b) that £ has a pole at an energy

. cosfs Si? 6, _Asinbs .,
Sg:| + 2 +2 +A y
B B VB

(1090

responds to an average of the results in series 2.

The key output from the above model is the density of
quasiparticle states in the lateral directidiy(,y), close
to the barrier. Figures (@ and (b) show Nog(e,y) in a
Nb/Al bilayer, close to the barriex& —d) as a function of
distance to the edge, and as a function of quasiparticle en-
ergy, respectively. For quasiparticle energies close to the gap
the distance over whicNgg(e,y) varies may be as large as
10¢,, as can be seen in Fig. 7a. This amplification of the
proximity range is essential to understanding how a feature
at the edge can influence the measured energy gap of an STJ
as large as 5Qum. Clearly, the distance from the edge at
which Ngg(e,y) saturates depends on quasiparticle energy, a
consequence df,; depending on quasiparticle energy as dis-
cussed above. Figurghj shows another important feature:
in all curves quasiparticle states exist down to energies 1.24
meV, but the number of states is a strong function of posi-
tion. Figures 7a) and (b) thus demonstrate that in two-
dimensional proximized superconductors the definition of

which corresponds to the gap energy in the Al layer. Thusthe energy gap becomes to some extent arbitrary.

for quasiparticle energies close to the gap, the effective co-
herence length is enhanced compared to Although this
effect is not very strong, because of thepower, it is a
remarkable feature. The same also holds for a bulk supercon-
ductor, where é.q=£&JA2-F%]"Y* This follows directly
from Eq. (10b) by settingyglzo andA=Ag. The bound- From the results shown in Fig(h), the density of quasi-
ary conditions for Eq(9) at the edge {=0) and far away particle statesN;(e,y), in both electrodes as a function of

IV. APPLICATION TO CURRENT-VOLTAGE
CHARACTERISTICS

A. Construction of I (V) curves
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FIG. 7. The basic results of the two-dimensional proximity model for a Nb/Al bilayer wits=0.3 andyg=0.6: the density of
quasiparticle statebl(e,y), measured in units of I2,. Vertical positions are chosen close to the barrierd). (@ Ngp(e,y) as a
function of distance to the edge for various quasiparticle energies. The squares indicate the distance at which the density of states
“saturates.” (b) Nop(e,y) as a function of quasiparticle excitation eneegyCurves are shown for [0, 0.1, 0.2,...,1, 1.5, 2, 3,...,10, R0
in units of the lateral coherence lengt). (c) The corresponding tunnel currents, in the casigf(e,y) for various values oy on one side
of the barrier andNge(e,208,) ~Ngp(e,) on the other side.

(two-dimensiongl position y, can be readily determined, that the STJ is driven towards a situation in which the tunnel
provided we know the effective lateral coherence length incurrent is uniform across the surface, at the expense of local
both electrodes. Individual tunnel curremts{V,y) are then variations in the quasiparticle potenti@lith respect to the
obtained using the familiar expressi(see, e.g., Ref. 35 level set by the bias voltageThis implies that the integra-
s tion over the barrier area of the lodd\) curves in Fig. T)
nn [T should take place in horizontal directidine., for fixed val-
e J,w de[f(e)—f(e+eV)] ues of tunnel current densjtinstead of in the vertical direc-
tion (for fixed values of the bias voltage

lsdV.y)=

Ni(e,y) No(e+eVyy)
N4 (0) N,(0)

(12
V(I)=L dyv(l,y). (13)

where G,,, is the normal-state conductivity of the STJ. In rea

Fig. 7(c) examples of tunnel currents are shown, arising be-_ . . . . . .
tween a region with,(¢,y), for various values of, on one This computation requires the inversion of E#j2) with re-

side of the barrier antl,(e,%2) on the other side. The sharp spect toV, an operation that is easily performed numerically.

rise in the tunnel current near the gap energy is caused by t Sn?milc?r?tietr?; T:ntr;ghrebl?c?nvr?:?gz gt]r?)r?u?é%?rrgr?{l;qz that
sudden possibility for members of Cooper pairs on one sid ; €9 . 9 .
olelike) character. This results in a local branch imbalance,

of the barrier to individually tunnel into quasiparticle states hich is ch terized by th = — h
on the other side of the barrier. Because the member thaf "o 'S characterzed by the quan @=ne Mn, where
stays behind also becomes a quasiparticle, the tunnel currefie’ ' @€ the densities of electron- and holelike quasiparti-
is actually governed by the density of quasiparticle states off &> respepnvely. T|_nkham and CIar.ke c_oncluded that the
either side of the barrier, hence the appearandéindN. valueeVqp is proportional to the quasiparticle current
in Eq. (12.
top— mp=e€Vop~Q/2N(0)g~175/2eQ0N(0)g, (14)
B. Measurement of the energy gap where g, is the branch-mixing time, i.e., the time it takés
The elevation of the local energy gap close to the edgéo relax to zerog is the conductance of the interface across
implies that there is a range of bias voltages) &,  Which Vgp develops, and) is the volume of the supercon-
<€Wpias<2A¢qge fOr which quasiparticles can tunnel into ductor. This expression is valid for all temperatures, pro-
the central region of the electrode, but not into the rim closevided the temperature dependencergfis taken into ac-
to the edge. The electrical circuit is closed when the quasieount. Since the quasiparticle currérs proportional to the
particles undergo Andreev reflections from the rim, therebyarea of the barrier, so iqp. Our situation differs on two
emitting Cooper pairs into the rim. This situation is analo-minor points from the one for which E¢L4) was derived. In
gous to that in the experiments discussed by Clarke andur case, the quasiparticle current is converted into a pair
Tinkham?®3” They concluded that when a quasiparticle cur-current by Andreev reflections against the surrounding re-
rent is converted into a pair current, the quasiparticle potengion with elevated\, instead of by tunneling from a normal
tial in the nonequilibrium region differs from the pair chemi- metal into a superconductor. As a result, the normalizaat
cal potentialu, by a valueeVqp. Below we argue that this nel) conductivitygys in the analysis by Tinkham and Clarke
value is proportional to the area of the region in which themust be replaced by a factgr=2 for Andreev reflections
tunneling takes place and of sufficient magnitude to drive(see, e.g., Ref. 34Also, our experiments were carried out at
down the effective gap in the adjacent region to a level thak much lower temperature. Therefore inelastic scattering and
tunneling will take place there as well. The consequence ig\ndreev reflections may compete as the dominant process
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for branch mixing. For the energy range indicated in Fig. [ T TS T T
7(b) [taking A(0)=1.24 meV, & po=1.32 meV, the inelas- 1.0 N !
tic 7 in the low-T limit®® is at least 2.4us, but for energies

A(0)<e<<gpmaxit is much larger. For the Nb/AI STJ’s in our w oal
sample, diffusion constant® were estimated to be 130 5 [
cn?s ! for the base electrode and 7 et for the top Lt
electrode®® equivalent to diffusive crossing times of 0.1 and % 06
1.8 us for, respectively, the base and top electrode of a 50 = [
X 50-um?STJ. These values are based on the familiar rela- T 0.4r
tion D=3(vop!, where the mean-free pathis based on § I

measurements of the residual-resistance ratio of the films, 0ok
and the mean quasiparticle velocitygp) includes the usual

low-energy correction with respect to the Fermi veloéfty. 0 o:

However, recent work bears out growing evidence that qua- 2_4'
siparticles diffuse considerably slowétypically a factor —
5-7) than this relation predicts:?>*142|n, for example, a 100

50-um Nb/AlI STJ we expect a current | of 25 mA for a bias I ]
of 2.5 mV, which would result in &/qp of 0.5 mV, if we 08r 8

assume a shortg of 0.1 us. This is more than enough to g
bridge the gap difference of0.1 mV between the center > - 1
and edge. In Fig. 1 we see that due to the breakdown of 2 06 i
superconductivity, the actual current may be a factor 30 2
smaller. Even with such a low current it is possible to obtain f 0 i ]
aVgpof 0.1 mV in the base electrode when the actual qua- S f / 1
siparticle diffusion is indeed a factor of 6 slower. 5 I
© oa2f 1
C. Breakdown of superconductivity in the leads ool it ]
. PR (I S T N T T T T S T T S
Figure 1 shows another geometrical dependence of the 250 255 2 60 2.65

(V) characteristics. For sample 1, the maximum current Voltage [mV]

measured near the gap voltage is roughly a linear function of

STJ size, instead of a linear function of area as one would FIG. 8. lllustration of how the breakdown of superconductivity
expect from Eq.(12), and as one can see in the data forin the leads of the STJ at decreasing current levels influences the
sample 6 in Fig. 1. Consider a scan, increasingVifs, measurement of t_he energy gdp) Full 1(V) cur_ve,(b) blowup,
across the gap voltage. At the maximum current, there is gcaled to the maximum current level for each fit.

sudden change in the impedance of the STJ, which causes
the jump in thel (V) curve. We interpret this jump in terms

of a breakdown of superconductivity somewhere in the su- Figures 9a) and (b) show the results of a simulation of
perconducting circuit. Inspection of the sample data revealthe data for the Nb/Al STJ's, as displayed in Fig. 3. The two
that the effect is specific for samples 1 and 2. It is probablymain input parametersy,,=0.3 andyg=0.6, are typical of
related to the crystallographic quality of the leads. A flawNb STJ's with thin(5-nm) Al layers. These computations
somewhere then drastically reduces the maximum currergeparate the different factors discussed above. The main con-
that can flow through the region before it becomes normallyclusion is that it is possible to quantitatively explain the ob-
conducting. Once part of the circuitry becomes normallyservedA ,ssize relation. Furthermore, it is clear that this
conducting, heat is generated and the local temperature riseglation cannot be solely explained as the result of an artifact,
probably quickly abové ... In particular the top lead, which such as the breakdown of superconductivity for some cur-
is deposited after the device patterning process, may be suent. So there really is an important contribution from the
ceptible to such problems. A clear example of the heatindateral proximity effect. An essential assumption is the value
process is shown in Fig.(@. The curvature clearly deviates of the lateral coherence lengtljg on either side of the bar-
from what is expected for a normB{V) curve, and is con- rier. In the case of the Nb/Al STJ'’s they are different because
sistent with an increasing serial resistance. During this scathe Al in the base electrode is epitaxial with the Nb, while in
the sample temperature increased from 0.32 to 0.45 K. In thithe top electrode the Al is polycrystalline, with a typical size
case, however, a complete breakdown of the superconductiVer the crystallites of 50 nm. In order to explain the full range
ity did not occur. But, as is clear from Fig(e}, the heating of measured gap energies in Fig. 3, rather extreme values for
effect does limit the part of the curve to which a reliable fit §, in the Al layers must be assumed on either side of the
can be made. In either case, the net result is a progressivebarrier, namelyé,~1.6um on the epitaxial side and,
lower cutoff in the current, which promotes an artificial de- ~0.5um on the polycrystalline side &fy o=1.6um).
crease of the measured energy gsge Fig. 8. Substantially smaller values on either side do not suffice, as

D. Comparison between model and data
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a. ' I b.
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§ FIG. 9. (a) Computed relations between en-
2 1.26 r 1 ergy gap and STJ size, for Nb/Al STJ's with,
& =0.3 andyg=0.6 and the maximum values for
the lateral coherence lengths. Triangles indicate
1.24F r ] the strength of the relation if only the breakdown
. . . . of superconductivity in the leads played a role.
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PSR o = 0.60 m ' Y effect is ignored, and only the positional variation
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is clear from a comparison between the various curves in The situation in the Al above the barrier in the Nb STJ's,
Figs. 9b) and the results in Fig. 3. and in both the electrodes of the Ta-based STJ’s, is slightly
A similar conclusion is reached for the Ta/Al STJ's. more complicated. Here the electrons that travel in a lateral
These differ from the Nb-based STJ’s in that the Al layersdirection encounter on average every 50 nm a boundary of a
are polycrystalline on either side of the barrier. Therefore theolumnar grain. On TEM cross sections these grain bound-
lateral coherence lengths are taken equal in both electrodearies appear to be smooth, even on atomic scales, so it is not
The input parameters ang,=0.1 andyz=0.3, as discussed very likely that the electrons are diffusively scattered by one
in Sec. Ill. With this choice of parameters the energy gap issncounter. Dispersion of the electrons upon crossing the
at the level of the average of the three samples in series 2 inoundary between two different crystallographic orientations
Fig. 4. Again, as is apparent in Fig(d, the largest values of the Al seems more plausible, given the nonspherical shape
for ¢, are required to explain the full gradient in measuredof the Fermi surface. Hence the mean-free path of the elec-
energy gaps as a function of STJ size. trons could easily be several times the diameter of the co-
At first sight such large values for the lateral coherencdumnar grains. In fact, we assume it here to be ten times the
length may seem difficult to reconcile with the thickness ofgrain diameter. As is clear from Figs( and(d), the effect
the Al layer in the Nb/Al junctiong5-10 nm). The layers does not depend on the precise valuestpf but on their
below the AlQ barrier are epitaxial with the monocrystalline order of magnitude.
sapphire substrate, and are therefore of a high crystallo-
graphic quality. On would therefore expect the transport of V. SUMMARY
the electrons through the Al to be dominated by scattering
from the barrier and the Nb/Al interface, and the mean free In the experiments discussed in this paper evidence was
path of the electrons to be of the order of the thickness of théound for lateral gradients in the effective energy dag, of
Al layer. However, several workeéfs*® have pointed out thin films on length scales dfat least severalum. These
that in very thin films the assumption of diffusive scatteringgradients were caused by an undercut in the edge of STJ's
may no longer be appropriate. In particular, the fraction ofwhich caused the outer rim of the Nb or Ta electrodes to
electrons that are reflected specularly becomes appreciabdi@come disconnected from the Al proximity layers. In ab-
for grazing incidence, provided the interfaces are sufficientlysence of this undercut there was no appreciable relation be-
smooth, i.e., do not have features on the scale of the CompweenA ., and STJ size. It was excluded that this effect is
ton wavelengths of the electrons. Because of the low incionly an artifact of the measurement techniques although we
dence angles, these electrons will also not be able to tunnéentified a mechanism that enhances the effect. The results
across either of the interfaces. Hence the coherence length of these experiments can be understood in terms of a two-
this population may approach the bulk value. dimensional proximity model, which is an extension of the
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current proximity models based on Usadel's equations. Ahe measured energy gap of a gfi-large STJ is influenced
remarkable feature of this two-dimensional proximity modelby a feature at the edge.

is that the lateral part can be separated from the transverse

part. Associated with the lateral part is a lateral coherence

length&, , which has to be of the order of the bulk coherence ACKNOWLEDGMENTS
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