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Using the particular benefits of focused electron beam irradiation~FEBI! junctions, such as on chip modi-
fication of the barrier resistivity through controlled variation of the electron fluence and annealing, we show
that the conventional model for superconductor–normal-metal–superconductor~SNS! junctions as derived by
De Gennes can explain their behavior in great detail. We find that the damage distribution produced by the
electron beam has a full width at half maximum of the order of 15 nm and is largely determined by the profile
of the electron beam used in the fabrication process. Due to the high defect concentration produced by the
electron beam, the barrier material is nonsuperconducting and has a much higher normal-state resistivity than
undamaged YBa2Cu3O72d. From the exponential scaling of the critical current (I c) with the square root of the
resistance (Rn) it is shown that FEBI junctions have a dirty limit SNS character and that the carrier mass in the
irradiated material is of the order ofme . Both the quadratic scaling ofI c with Tc2T close toTc and the
reducedI cRn values of the junctions indicate that the SN interface has a soft boundary nature. From the
low-temperature scaling ofI cRn with the ratio of the barrier length and the coherence length we find that the
suppressed superconducting gap at the SN interface is approximately 4.5 meV.@S0163-1829~97!01821-3#
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I. INTRODUCTION

The fabrication of Josephson junctions in high-Tc super-
conductors through focused electron beam irradiation~FEBI!
is in many aspects unique.1–3 Whereas the effect of electro
irradiation on electrical properties in most materials is m
ginal, the high-Tc materials are comparatively very sensiti
due to their dependence on oxygen ordering. Even elect
with low energies (;20 keV) have been shown to hav
some effect on the electrical properties.2 As a fabrication
process for research purposes it is a very elegant techn
allowing the fabrication of a nanometer scale weak link in
unbroken single layer of material. The fact that the film
mains unbroken is an enormous advantage in proxim
coupled junctions because it allows us to fabricate juncti
without interface resistance, which can otherwise seve
degrade the maximum current density of Joseph
junctions.4 In contrast to conventional multilayer devices, t
nature of the process enables us to accurately adjust bot
electrical properties~by varying the electron dose! and the
physical dimensions of the barrier on-chip, thereby circu
venting the chip to chip reproducibility problems which ha
long hampered the systematic study of other types of h
Tc Josephson junctions. FEBI junctions show a variation
the critical current with applied magnetic field@ I c(B)# which
suggests that the current distribution is very uniform.5

As a result of extensive studies of electron irradiation
550163-1829/97/55~21!/14600~10!/$10.00
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fects on high-Tc material~both films and single crystals!, the
nature of electron-induced damage is relatively w
understood.2,6,7 Through collisions with the lattice the elec
trons create atomic interstitials and vacancies in the latt
known as Frenkel defects. Tolpygoet al.2,8 have shown that
there is a direct relation between the number of in-pla
defects ~that act as strong scatterers!, the suppression o
Tc , and the increase in resistivity in electron-irradiated hig
Tc superconducting material. They also found that the c
ation of in-plane defects has a threshold displacement en
of 8.4 eV @corresponding to an irradiation energy (Ei) of 58
keV#,2 below which incident electrons cannot create in-pla
defects.

At the electron energy used in our process~350 keV! the
superconducting properties of the irradiated superconduc
material can be fully suppressed, resulting in a material t
has a nearly temperature independent but rather high re
tivity ( rn510–15V mm). A further increase of the fluenc
leads to a further increase of the resistivity and the onse
semiconductingrn(T) behavior. In many ways the effects o
electron beam irradiation on the electrical properties
YBa2Cu3O7-d ~YBCO! are similar to cation substitution in
the Cu sublattice. However, a clear advantage of elec
irradiation-induced defects over substitution experiments
the ability to subsequently reduce the defect concentratio
a fabricated sample by annealing.1,2

The observation that electron-induced damage in YB
14 600 © 1997 The American Physical Society
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leads to suppression ofTc and an increase in resistivity sug
gests a proximity coupled model9 for FEBI junctions. The
damage region, at temperatures above its supercondu
transition temperature (Tcn), behaves like a normal meta
that is proximitized by the superconducting electrodes. Ra
edge junctions with doped YBCO as a barrier10–12 have
properties that can be explained by conventional S
superconductor–normal-metal–superconductor theory
originally developed by De Gennes and others for BCS-l
superconductors.9,13,14All these junctions have a barrier ma
terial with a finiteTcn which means that junctions becom
strongly coupledSS8S ~whereS denotes a superconducto
andS8 denotes a superconductor with a reducedTc! at low
temperatures. A finiteTcn also results in junctions with a
dramatic exponential-like increase of the critical curre
(I c) over a small temperature range aboveTcn . Similar be-
havior has been observed in FEBI junctions fabricated us
a low electron fluence.15

In the following we show that the behavior of FEBI jun
tions can be explained by conventional SNS theory when
barrier has no such superconducting transition (Tcn50).
Davidsonet al.16 have shown that the shape of theI c(T)
curve of FEBI junctions are like those expected for SN
junctions with rigid boundary conditions. However, from th
fact that the junctions showed a lowI cRn value, they cor-
rectly concluded that the order parameter must be suppre
at the SN interface~soft boundary conditions!. In earlier
work we showed that in FEBI junctions in which the barri
length was increased by scanning the beam over an
~instead of a line scan!, I c had an apparent exponential d
pendence on barrier length (L), as expected for SNS
junctions.15 However, after annealing the sample, this dep
dence was no longer found at higher temperaturesT
.30 K) where it is expected to work well. In the prese
paper we will show that the behavior of these FEBI junctio
is consistent with SNS theory but that instead of the ex
nential length dependence, the junctions show anI c depen-
dence that is consistent with an increase of resistivity of
barrier~due to the increase in electron fluence! rather than an
increase in barrier length.

Many objections to the application of conventional SN
theory to high-Tc junctions can be contemplated: th
d-wave nature of the order parameter, the complex shap
the Fermi surface, the doped semiconductorlike proper
etc.17 However, the evidence presented in this paper and
ers clearly indicates a more than coincidental similarity
tween these high-Tc junctions and the behavior predicted b
conventional SNS theory. Furthermore, until a microsco
theory for the high-Tc materials is developed, compariso
with models derived for BCS-like superconductors prov
the only method of gaining insight into the properties
these devices. Concerning thed-wave nature of the high-Tc
materials, it should not be forgotten that SNS coupling i
highly directional effect that would obscure many of t
complex features of the gap when the junction current fl
direction~in c-axis oriented films! is aligned with one of the
lobes of the order parameter.18

II. THEORY

A. De Gennes dirty limit expression for the critical current

Using microscopic theory for BCS-like superconducto
De Gennes9 was able to obtain an analytical expression
ing
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the I c in long Josephson junctions, for which the coheren
length in the normal barrier (jn) is much smaller than the
length of the junction (L). More refined derivations of the
critical current in SNS junctions by Likharev13 and Kupri-
yanov and Lukichev14 have shown that this expression
reasonably accurate over a wide temperature range.19 The
expression for the critical current in a long SNS junction

I c~T,L !5
p

4eRn

uD i u2

kbTc

L

jn
Y sinhS LjnD , 0.3Tc,T,Tc .

~1!

HereRn is the normal resistance of the barrier andD i the
possibly suppressed gap at the SN interface. De Gen
originally derived this expression for the dirty limit wher
the coherence length is limited by diffusion~with Dn the
carrier diffusion constant!: jnd5A\Dn/2pkbT. The expres-
sion for theI c is actually more generally applicable provide
that a suitable expression for the coherence length is u
which accommodates, for example, a finite superconduc
transition temperature of the barrier (Tcn).

20,21However, the
junctions presented in this article received a high elect
fluence that fully suppressed the superconducting prope
in the irradiated material, renderingTcn50 K.

An important issue to address is whether the barrier is
the clean or dirty limit. When the electronic mean-free pa
l n5mnn /e

2nrn is much smaller than the clean limit cohe
ence lengthjnc5\nn/2pkbT, the coherence length is diffu
sion limited andjn'jnd in Eq. ~1!. In the dirty limit we
therefore expect anI c which is strongly dependent on th
resistivity of the barrier. On the other hand, whenl n@jnc the
barrier is in the clean limit and the coherence length is in
pendent of the resistivity~assumingTcn50!: jn'jnc . The
determining material parameters are the Fermi veloc
(nn), the carrier density (n), the carrier’s effective mass
(m), and the resistivity of the barrier (rn). For 100 keV
electron irradiation it was shown that the carrier density
the irradiated material remained nearly unchanged.2 If we
assume that this also holds for the much higher electron
ergies used in our experiments and we assume that the ca
mass remains unchanged, the Fermi velocity in the barrie
the same as that of undamaged YBCO. Taking into acco
the strongly anisotropic nature of YBCO we use a tw
dimensional~2D! expression to find the Fermi velocity in th
CuO sheets:22 nn5(h/2pm)(2pnucu)1/2, whereucu denotes
thec-axis lattice parameter of YBCO (ucu51.16 nm). Using
the carrier properties of optimally doped YBCO@n55
31027 m23 and m55me ~Ref. 23!# we obtain nn51.4
3105 m/s. Using this value for the Fermi velocity and
typical minimum resistivity of our barriers ofrn53V mm
one can easily show thatjnc@ l n so that the coherence lengt
is dominated by the dirty limit expression~2D! jn'jnd
5(jncl n/2)

1/2. As we will see later, the carrier effective ma
in FEBI barriers is found to be much smaller than that
optimally doped YBCO, typically of the order ofme . This
makes the criterionjnc@ l n easier to fulfill because it leads t
an increase ofjnc whereasl n remains the same. We ca
obtain a relation between the ratioL/jnd and theRn of the
barrier using the expression forl n andjnc in terms ofnn and
expressing the resistivity of the barrier in terms ofRn , L,
andA the cross-sectional arearn5RnA/L:
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14 602 55BOOIJ, PAUZA, TARTE, MOORE, AND BLAMIRE
L/jnd~T!5@~2e2mkbT/\
3ucu!LRnA#1/2. ~2!

At a given temperature the magnitude of the critical curr
in an SNS junction is strongly determined by the exponen
dependence on the ratioL/jnd . As a good approximation to
De Gennes’ expression at a fixed temperature we can th
fore write I cRn}e

2L/jnd. For junctions with constant resis
tivity but varying barrier length this equation predicts t
well-known exponential dependence ofI cRn with length. If,
however, we keep the barrier length constant and inst
vary the resistivity, as is easily done by varying the fluen
for FEBI junctions, Eq.~2! predicts an exponential depen
dence ofI cRn on the square root of the resistance when
junctions are in the dirty limit:

I cRn}e
2a~Rn!1/2, ~3!

where the parametera can be found as the slope of a line
a ln(IcRn) versus (Rn)

1/2 plot and is given by a
5A(2e2mkbTLA)/(\

3ucu).

B. Soft or rigid boundary conditions

One consequence of the proximity effect is the establ
ment of a critical current through the barrier. Another co
sequence is the suppression of the superconducting ga
the electrodesD i5d iD` , when the electronic properties o
the barrier and electrodes are similar~soft boundary condi-
tions!. HereD` denotes the value of the BCS gap far aw
from the junction andd i denotes the suppression factor. A
important effect of this phenomenon is the reduction of
I cRn product of such a well-matched SNS junction. A k
parameter determining the gap suppression, which i
measure of the electrode/barrier matching, is9,19 g
5(Nnrs /Nsrn)

1/2, whereNi is the density of states. Once
value forg has been found the suppression factor (d i) can be
calculated using19

d i
2511S jsd

bi
D 22F S jsd

bi
D 412S jsd

bi
D 2G1/2,

with
jsd
bi

5
p

2
gS T

Tc2TD 1/2. ~4!

Here, jsd is the Ginzburg-Landau penetration depth in t
electrodes andbi is known as the extrapolation length. Ifg is
of the order 1, the suppression of the gap is significantd i

2

'0.1) especially close toTc . The temperature range whe
Eq. ~4! can be applied is similar to that in which Eq.~1! is
valid, as a consequence of using Ginzburg-Landau theor
its derivation.

Rigid boundary conditions correspond to the case
which g!1, leading to a negligible suppression of the ele
trodes’ gap and optimalI cRn values. Assuming that the den
sity of states of the barrier is approximately the same as
of the electrodes, the suppression of the superconducting
is completely determined by the ratio of the resistivitie
Looking in detail to the scaling of theI c with (Tc2T) close
to Tc provides one with an experimental way of determini
whether a SNS junction has soft or rigid boundary con
tions. Whereas the globalI c(T) behavior of SNS junctions is
largely determined by the exponential-like behavior of t
t
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sinh(L/jn) term, theI c(T) behavior close toTc is determined
by the strong temperature dependence ofD i . For rigid
boundary conditions this quantity is equal to the BCS g
D` , which scales as (Tc2T)1/2. Therefore rigid boundary
conditions will lead to a linear dependence ofI c on (Tc
2T). In the case of soft boundary conditions~with g
.0.2) the added temperature dependence of the suppre
factor close toTc , d i

2}(Tc2T)/T leads toI c}(Tc2T)2.19

C. Critical currents at low temperatures

At low temperatures the De Gennes expression for
I c can no longer be used. Microscopic theories such
Likharev’s calculations for long junctions with rigid bound
ary conditions predict a much slower temperature variat
at low temperatures than that expected from Eq.~1!. For T
,0.4Tc these theories typically predict a linear region th
rounds off at low temperaturesT,0.1Tc .

13 Using
Likharev’s results, Delin and Kleinsasser19 derived an ex-
pression for theI cRn at low temperatures that is only depe
dent on the value of the superconducting gap and the r
L/jnd(Tc):

I cRn5
29D`

e S jnd~Tc!

L D 2, ~5!

whereT<0.05Tc andL>6jnd(Tc). For soft boundary con-
ditions no such expression for the critical current at low te
peratures exists. However, numerical calculations by Kup
anov and Lukichev show that theI cRn product at low
temperatures decreases with increasing values ofg.14 For a
constant value ofg the effective gap value of the soft bound
ary SNS junctions will simply be reduced and we expect t
a relation very similar to Eq.~5!, with D` replaced byD i ,
will hold.

III. EXPERIMENTAL PROCEDURE

A. Experimental setup

For junction fabrication we used high-quality 200-nm
thick c-axis oriented YBa2Cu3O72d films grown by laser ab-
lation on LaAlO3. Tracks with a width of 1.8mm were then
patterned by optical lithography and argon ion milling at 5
eV on a water-cooled rotating stage. The tracks were c
fully aligned with the crystala or b axis. TheTc of the film
was measured before and after patterning and was foun
be unchanged at 90.5 K. Before the FEBI process we m
sured the current density (Jc) of the tracks to check the pro
cessing and film quality. The critical current density of t
tracks for the sample presented in this article was
31010 A/m2 at 77 K with a minimum-to-maximum deviation
of 10% ~nine tracks!. The tracks were irradiated in a JEO
4000EX scanning transmission electron microscope~STEM!
at an acceleration voltage of 350 kV and a magnification
10 000. The STEM was specially modified for electron be
write processes and is located on a vibrationally isola
platform. The tracks were exposed using a computer c
trolled positioning and blanking system with a positionin
accuracy better than 1 nm~at the selected magnification o
10 000!. Before irradiation, a thin (,5 nm) gold layer was
deposited on top of the sample to avoid charging problem
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55 14 603PROXIMITY COUPLING IN HIGH-Tc JOSEPHSON . . .
The current-voltage (IV) characteristics of the junction
were measured using a dip probe that fits into a stand
liquid Helium Dewar. The temperature of the copper blo
on which the sample was mounted could be controlled wit
50 mK. The sample was surrounded by am-metal shield that
reduces the ambient field to less than 320 nT~at room tem-
perature!. Electrical noise was carefully minimized by filte
ing all leads going down to the sample. For resistive
shunted junction~RSJ!-like IV characteristics theI c andRn

were found fromV2 vs I 2 plots; the advantage of this metho
is that even thermal-noise-roundedIV characteristics can b
reliably analyzed. Junctions in the large limit have a no
RSJ-like IV characteristic, in which case theI c was found
using a finite voltage criterion of 0.5mV and theRn was
determined at high bias currents (53I c). At temperatures a
which the junction have noI c , theRn of the junctions was
measured using a 10mA ac bias. The critical current densit
of FEBI junctions is not self-field limited due to their plan
geometry,24 therefore comparison of the measuredI c with
calculated values is not bound to any upper limit as w
found to be the case for sandwich-type SNS junctions.25

B. Electron beam profile and implications
for the damage spread

In estimations of the barrier length of FEBI junctions, it
often assumed that the incident electron beam can be
garded as pointlike, with the damage spread resulting
tirely from scattering of the incoming electrons within th
irradiated material. Monte Carlo calculations for 350 ke
electrons being scattered in a 200-nm-thick YBCO film
sult in a strongly peaked non-Gaussian distribution of sc
tering events, which suggests that 50% of the damag
confined to a 4-nm-wide region. A number o
experiments1,15,26 indicate that the damage spread occurs
a larger scale and does not increase much with increa
film thickness.

An experimental value for the beam spread can be
tained from an experiment, in which the beam is periodica
turned on and off during a line scan. This study15,26 indicates
that damage overlap for the small aperture in a 200-nm
occurs on a length scale of 10 to 20 nm. A confirmation t
scattering of the incident electrons has an insignificant ef
on the damage distribution is obtained from a study of
scaling of the electrical properties of FEBI junctions, whi
indicates that the Josephson current and quasiparticle c
section are identical.1 Assuming an SNS nature for thes
junctions, a barrier which widens with increasing film dep
would lead to a strong concentration of the Josephson cur
at the position of the smallest barrier length. These exp
ments therefore lead to the conclusion that the dam
spread in a 200-nm-thick film is not determined by intern
scattering of the electrons but by the intrinsic spread of
incoming beam. Often quoted optimal spot diameters
STEM’s used in irradiation experiments are on the order o
nm.16,27,28However, such a small spot size can only be o
tained at low beam currents~when a small condenser ape
ture and spot size are selected! and optimal beam alignmen
and focusing. The assumption that the length of the barrie
equal to the optimal spot size~3 nm! at the much higher
rd
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beam currents used in FEBI experiments is therefore high
optimistic and leads to unphysical values for the coheren
length in the barrier.16

The use of a large condenser aperture~200 mm in our
STEM! and associated high beam currents, in order to min
mize the irradiation time, can result in junctions with
strongly reducedI cRn products due to the large intrinsic non-
Gaussian spread of the electron beam.27,28 The use of a
100-mm condenser aperture results in greatly improved jun
tions and proven reduction of the spatial damage spread15

However, these values are still large when compared to t
damage spread expected from scattering within the irradiat
YBCO film, indicating that further improvement is possible

Based on the beam modulation experiment described e
lier, we estimate the barrier length to be approximately 1
nm. Using this estimate we can calculate the effective flu
ence of a 1.8-mm-wide junction with anI c'10mA at 60 K
to be 6.333106 C/m2. In order to further clarify the nature
of our FEBI junctions the barrier length of junctions was
increased by scanning the beam over a narrow region inste
of a line while intending to keep the fluence approximatel
constant@Fig. 1~a!#. Whereas the first junction (j1) was pro-

FIG. 1. ~a! The beam path ofj2, which is widened by 5 nm
while the electron dose was increased by a factor of 1.33. For jun
tions 3 and 4 the beam was scanned over 10 and 15 nm wh
increasing the electron dose by a factor of 1.66 and 2.0, respe
tively. ~b! The calculated damage distribution@D(Dy)# of junctions
1, 2, 3, and 4 assuming a Gaussian distribution for an unwiden
junction. The fabrication procedure results in widening of the ba
rier when the defect distribution has a low spread (s53 nm). For a
moderate defect spread (s56 nm) the procedure results in an ef-
fective increase of defect concentration without significantly in
creasing the barrier length@theD(Dy) has been offset by 0.1#. The
FWHM in nm of each distribution is indicated.
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duced by a line scan with a total line dose of 0.095 C/m
subsequent junctions (j2,j3,j4) were widened by 5, 10, an
15 nm in they direction as shown schematically in Fig. 1~a!
while the total dose was consecutively increased by a fa
1.33, 1.66, and 2. If we assume that the damage sprea
sulting from a line scan is approximately Gaussian with
standard deviations, we can calculate the effect of the wid
ening and dose increase on the damage distribu
@D(Dy)#. We present the case for a small (s53 nm) and
moderate (s56 nm) spread in damage in Fig. 1~b!. For the
s53 nm case the combined effect of widening and incre
ing dose is to widen the barrier significantly while the ma
mum damage concentration remains approximately cons

If a moderate damage distribution withs56 nm is as-
sumed, the result is completely different. In this case
beam is scanned over a length scale comparable to the
width at half maximum~FWHM! of the damage distribution
resulting in a damage distribution with only slightly in
creased FWHM but increased damage concentrations.
whereas thes53 nm case will lead to junctions with simila
resistivities but increased barrier length, thes56 nm case
will result in junctions with similar barrier lengths but in
creased resistivity. The two different cases result in a v
different scaling behavior of theI c . Note that from the beam
modulation experiment we expect damage overlap to oc
between 10 and 20 nm, indicating that the experimen
most likely to result in a damage spread close to that gi
by thes56 nm case.

By annealing the sample in air at four different tempe
tures ~a1, a2, a3, anda4 corresponding to 323, 353, 388
and 431 K! for typically an hour, the barrier properties we
modified. Through annealing and subsequent characte
tion of the junction properties, barriers with a wide variety
electrical properties could therefore be studied on a sin
chip.

IV. RESULTS AND DISCUSSION

A. Scaling of I c with L or Rn

On a single 535 mm chip nine junctions with differen
barrier properties were fabricated. Although all nine jun
tions were available for measurement, only the first fo
junctions had measurable critical currents at all stages
annealing. To keep the number of measurements tractabl
restricted the measurements to the first four junctions~j1 to
j4!. This procedure resulted in a set of 16 complete meas
ments of junctions with different barrier properties.

All the junctions were of a high quality showing a regul
variation of the critical current with applied magnetic fie
and full suppression of theI c when the junctions were in th
small limit. In the small junction limit all theIV character-
istics could be described using the RSJ model. At high c
cal current densities,IV characteristics were observed whic
showed a large excess current and, at very low temperat
(T,10 K) small hysteresis effects~,5% of I c!. A cross-
over to flux flow behavior was observed at low temperatu
(T,50 K) for junctions 1 and 2 after anneal 4, when the
junctions had very high critical current densities (Jc
.106 A/cm2). We believe that this behavior is simply a r
sult of the small value ofL/jnd of these junctions at thes
temperatures and is not caused by a superconducting tr
e
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tion of the barrier. Unlike junctions with barriers that un-
dergo a superconducting transition, it was found that the
critical current of these junctions could still be partially sup-
pressed (;30–50 %) by a magnetic field which normally
results in the first minimum (B0).

The dependence ofI cRn on the junction parametersL and
Rn represents the most direct method to verify whether the
FEBI junctions have an SNS character. Although theI c of
the junctions after the first anneal stage and at low tempera
tures shows an exponential dependence onL,15 we now be-
lieve that this dependence is coincidental. There are a num
ber of reasons why an exponential dependence is no
expected.~a! The barrier length used in theI c(L) plot was
simply taken as the sum of the unwidened barrier length~15
nm! and the widening in the direction normal to the junction
~multiple of 5 nm!. As was shown in Fig. 1 it is unlikely that
this yields a correct estimate of the barrier length when we
are dealing with a~Gaussian! defect distribution.~b! The I c
data of the same junctions after subsequent annealing stage
no longer show the exponential dependence onL. ~c! At low
temperatures Eq.~1!, from which the exponentialI c depen-
dence is derived, is not valid.

For the damage spread expected in these junctions
~FWHM;10–20 nm! the experiment should instead lead to
an effective increase of fluence rather than a increase of th
barrier length~see Fig. 1!. We therefore expect from Eq.~3!
that theI cRn at temperatures above 0.3Tc for fixed barrier
length depends exponentially on the square root ofRn of the
junctions. As will be shown below, theRn of the junctions is
well defined and nearly temperature independent. In Fig. 2 it
is shown that all the measuredI c values after every anneal
stage follow this dependence. The exponential fits describe
the data quite well even at low temperatures.

From the slope of the lines in Fig. 2 according to Eq.~3!
the parametera5A(2e2mkbTLA)/(\

3ucu) can be found.
This expression predicts a linear relation betweena2 and the
temperatureT, a dependence that is verified in Fig. 3 for
anneals 1, 2, and 3. Because Eq.~3! is valid only at tempera-
tures higher than approximately 30 K we fitteda2 for T
.30 K with a straight line through the origin. The fits are
good especially for anneal 1 and 2. Deviations from the ex-
pected linear behavior may be a result of the approximate

FIG. 2. The scaling ofI cRn with (Rn)
1/2 for the four junctions is

clearly exponential over a wide temperature range, as is expecte
for a dirty limit SNS junction. The data shown here were taken after
anneal stage 3.
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nature of Eq.~3!, for which bothL/jnd andD i in De Gennes’
I c expression were neglected. This possibly also explai
why the a2 data after anneal 4~not shown! could not be
fitted with a line through the origin, although the junction
still showed an exponential dependence ofI c with Rn

1/2 to
some degree.

As will be shown below the FEBI junctions are best de
scribed by soft boundary conditions, which will change th
temperature dependence of theI cRn product significantly at
temperatures close toTc . At low temperaturesa2 is no
longer proportional toT, due to the much slower rise of the
I cRn product than that predicted by Eq.~3!. Delin and Klein-
sasser have shown that, as a consequence, the dirty li
coherence length as found from an exponential fit at lo
temperatures is significantly lower than the true value. Sim
lar behavior is observed in Fig. 3, where the measureda2 at
low temperatures is larger than the expected linear depe
dence. From the slope of the line fits in Fig. 3 the paramet
b5(2e2mkbLA)/(\

3ucu) can be obtained, which clearly de-
creases with increasing anneal temperature~Table I!. This
decrease may be due to a decrease in the carrier effec
massm and/or a decrease of the barrier lengthL. Annealing
studies of the beam modulation junctions26 reveal that the
damage overlap does not change significantly, suggest

FIG. 3. The squared slope of the lines (a2) in Fig. 2 is approxi-
mately proportional to the temperature. Only the data aboveT
530 K was used for the line fit. Below 30 K the exponential scalin
is not expected to give a reliable value fora2 and a significant
deviation from the line fits is observed. Annealing causes a decrea
of the slope of the fits.
s
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it
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ng

that the barrier length does not change by annealing. Le
therefore consider the case whereL515 nm and the decreas
in b is due to a decrease ofm. This results inm decreasing
from 1.07me for anneal 1 to 0.68me for anneal 3~Table I!.
This value is rather small when compared with the carr
mass in undamaged YBCOm'5.0me ~Ref. 23! and suggests
that the FEBI process leads to delocalization of the carr
in YBCC. The carrier concentrationn does not appear in the
above expression forb because a 2D expression was used
the Fermi velocity. Had we used a 3D expression instead,
decrease inb could also be explained by a decrease in car
concentration as was considered by Davidsonet al. for their
FEBI junctions.16

B. The magnitude of the critical current
and De Gennes expression

From the above discussion we can conclude that the s
ing of I cRn with Rn is consistent with that expected for a
SNS junction in the dirty limit. We now consider the ma
nitude of the critical current as found from De Gennes’ e
pression for an SNS junction in the dirty limit@Eq. ~1!#. A
representative selection of theRn(T) and theI c(T) of mea-
surements of the FEBI junctions is shown in Fig. 4.

The solid lines in Fig. 4~a! represent fits to theI c(T) data
using De Gennes’ expression@Eq. ~1!# with soft boundary
conditions. For these fits two parameters are required.~a!
The electronic matching parameterg5(Nnrs /Nsrn)

1/2,
which was calculated with the assumption that the density
states of the irradiated material is similar to that of u
damaged YBCO. We took the resistivity of the electro
material to be temperature independent at 1V mm. The bar-
rier resistivity was calculated from the averageRn of the
junction,A53.6310213 m2 andL515 nm. ~b! The param-
eter L/jnd(Tc) was varied to obtain the best possible fi
Both parameters are shown in Table II for all the junction
Because De Gennes expression is only valid forT.0.3Tc ,
we only fitted theI c data above 30 K. The values obtaine
for the ratioL/jnd(Tc) from the fits are quite reasonable an
show the expected trend with both increasing fluence
increasing anneal temperature. The low-temperatureI c(T)
behavior is qualitatively consistent with Likharev’s mod
for rigid SNS junctions. It is interesting to note that the sha
of the normalizedI c(T) curves remains approximately th

se
the
TABLE I. b andx5bTc from line fits to Fig. 3 and Fig. 5 after the different anneal stages shown and
derived carrier massm normalized by the electron massme usingL515 nm.

Anneal No. Anneal

b
~slopes Fig. 3!

@(V K)21#
m/me

~from b!

x
~slopes Fig. 5!

(V21)
m/me

~from x!

Anneal 1 1 h @323 K 2.73 1.07 318.4 1.37

Anneal 2 2 h @353 K 2.17 0.85 229.5 0.99

Anneal 3 1 h @388 K 1.75 0.68 170.3 0.73

Anneal 4 1 h @431 K 142.1 0.61
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14 606 55BOOIJ, PAUZA, TARTE, MOORE, AND BLAMIRE
same for all the junctions for which we could measu
I c(4.2 K) (,15 mA).

Most of the Rn(T) curves in Fig. 4~b! show a nearly
temperature-independent junction resistance, as is expe
for a metal that is dominated by impurity scattering. Th
junction with the highest resistance shows a semiconduct
Rn(T) behavior. For calculation of theI c using Eq.~1! an
accurate value of theRn is required. The high-temperature
Rn data are compromised because they are near to the t
sition temperature of the electrode and are therefore ignor
For the highRn junctions the semiconducting behavior a
low temperatures can change the averageRn significantly.
TheRn value used for calculation of theI c ~as listed in Table
II ! is thus obtained by averaging theRn(T) over the tempera-
ture range from 40 to 70 K. UsingA53.6310213 m2 and
L515 nm we can calculate the resistivity of the barrier o
junction 4 after anneal 1 to be 22.6V mm, which is signifi-
cantly higher than that of the undamaged material~1 V mm!.

As a result of fitting De Gennes’ expression to theI c(T)
data, we obtainedL/jnd(Tc) @Fig. 4~a!# which according to
Eq. ~2! is proportional to (Rn)

1/2. This relation allows us to

FIG. 4. ~a! The I c(T) measurements for a number of junction
~as symbols! and the De Gennes fit as a full line. Both theI c(T) and
Rn(T) curves are marked by an identifier that lists the anneal a
junction number. The fitting parameterL/jnd(Tc) is listed below
the junction identifier.~b! TheRn(T) curves for the same junctions
as shown in~a!, showing that theRn is nearly temperature indepen-
dent. The junction with the highest resistance (a1- j4) shows a
semiconductinglike increase ofRn(T). TheI c(T) of this junction is
not shown in~a! as it would not significantly deviate from thex axis
on the scale used.
ted

g

n-
d.

f

check whether the fitting of theI c with the De Gennes ex
pression is internally consistent with the analysis of t
I cRn scaling withRn as presented in Figs. 2 and 3. In Fig.
it is shown that theL/jnd(Tc) data after the same anneal st
are well described by a straight line through the origin co
firming the dependence expected for an SNS junction in
dirty limit. Furthermore, the fits show the same trend of
decreasing slope with increased anneal temperature as f
in Fig. 3. In fact, the slopes obtained from Fig. 5~defined as
x! should be related to the quantityb found earlier, in the
following way: x5bTc . In contrast to the direct scaling
analysis ofI c with Rn we now also find the appropriate sca
ing for the data after anneal 4. This is because we have
properly taken into account the soft boundary conditions
the junctions that significantly decreases theI c close toTc .
The values forx are shown in Table I for all four anneals
Using the same value for the barrier length as beforeL
515 nm, the effective carrier mass can again be calcula
~Table I!. The resulting values form/me are slightly higher
than those found from the scaling ofI cRn with Rn . This is
possibly a consequence of the approximations made in
riving Eq. ~3! as discussed earlier and/or the rather appro
mate value ofg as used in the fits of Fig. 4~a!. From the
absolute values of the ratioL/jnd(Tc) as listed in Table II
and the assumption that the barrier length is approxima
15 nm we find that the value ofjnd(Tc) varies between 0.85
nm for the most heavily damaged junction and 3.3 nm for
junction that received the lightest fluence. These values
rather similar to those obtained for the doped ramp e
junctions10–12,19 and significantly larger than the
a,b-direction unit-cell dimensions. Because the barr
length is not accurately known~we estimate a possible erro
of 5 nm! the derived values of bothjnd(Tc) andm are rela-
tively inaccurate. Still, such an error margin does not res
in unphysical values forjnd(Tc).

C. Soft or rigid boundary conditions—the scaling of I c
with „Tc2T…

Although rigid boundary conditions require one parame
less ~g50! than soft boundary conditions and are therefo
preferable for fitting, fits using rigid boundary condition
were particularly unsatisfactory at temperatures close
Tc . This is illustrated in Fig. 6 by the dashed line represe
ing a rigid boundary fit to the junction with the highest o
erating temperature. For barriers with a higher resistivity t
did not show a measurable critical current at high tempe
tures there was no significant difference in the quality of
using either soft or rigid boundary conditions.

The fact that soft boundary conditions better describe
behavior of the FEBI junctions is confirmed by studying t
scaling ofI c with (Tc2T) close toTc . Taking theI c data of
the junction with the highest operating temperature~j1 an-
neal 4! and usingTc590.5 K, Fig. 6 shows that theI c is
much better described by a fit using De Gennes expressio
combination with soft boundary conditions. The fit usin
rigid boundary conditions fails to match the slow increase
I c close toTc . The inset in Fig. 6 shows the scaling ofI c

d
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TABLE II. Junction and SNS fitting parameters after the different anneal stages.Rn is obtained by
averaging the 40–70 K junction resistance and is used for calculatingg. L/jnd(Tc) is found from the fits in
Fig. 4~a! using De Gennes’ expression. TheI cRn at T54.2 K is obtained directly from theIV characteristic
of the junctions.

Anneal Junction
Rn av.

~V! L/jnd(Tc) g
I cRn(mV)
4.2 K

Anneal 1 j1 0.409 10.88 0.32 633

1 h j2 0.550 13.02 0.28 414

@323 K j3 0.715 15.14 0.24 172

j4 0.942 17.53 0.21 85

Anneal 2 j1 0.337 8.17 0.35 1598

2 h j2 0.412 9.02 0.32 1504

@353 K j3 0.596 11.48 0.26 562

j4 0.844 14.42 0.22 238

Anneal 3 j1 0.270 6.3 0.39 2785

1 h j2 0.328 6.91 0.36 2479

@388 K j3 0.491 8.83 0.29 1354

j4 0.714 11.47 0.24 608

Anneal 4 j1 0.207 4.52 0.45

1 h j2 0.250 5.26 0.41

@431 K j3 0.310 6.72 0.37

j4 0.448 8.45 0.31 1451
with (Tc2T)2 which is well described by a straight line
through the origin. We expect an exponent approaching 2 fo
soft boundary conditions withg.0.2.19 As can be seen in
Table II, the value forg for this particular junction is 0.45
which satisfies the conditiong.0.2 discussed above.

FIG. 5. The scaling of the fitting parameter@L/jnd(Tc)#
2

with the average junction resistanceRn . The junctions at the same
anneal stage are fitted with a straight line through the origin. In
creasing anneal temperature results in a decrease of the slope
these lines.
r
D. I cRn scaling atT54.2 K

Another test of the SNS nature of the FEBI junctions is
provided by the relation between the obtained fitting param-
etersL/jnd(Tc) and theI cRn products of the junctions at
very low temperatures. TheI cRn products at 4.2 K are shown
in Table II for a number of junctions. Due to the very high

-
of

FIG. 6. TheI c data of junction 1 after anneal stage 4 close to the
Tc of the film. De Gennes’ expression using soft boundary condi-
tions results in a much better fit than when rigid boundary condi-
tions are used. The inset clearly shows thatI c}(T2Tc)

2 as is ex-
pected for soft boundary conditions.
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current densities of some of the junctions after anneal 4
could not measure theI cRn products of these junctions a
low temperatures. For SNS junctions with rigid boundarie
Likharev’s theory predicts a simple relation, Eq.~5!, between
the I cRn product and the ratioL/jnd(Tc). Although the FEBI
junctions are better modeled using soft boundary conditio
it is expected that a relation similar to Eq.~5! should hold for
these junctions as the effect of soft boundary conditions is
suppress the effective gap value.14 As we can see in Table II
the matching parameterg does not vary very much between
the different junctions and therefore we expect that the
fective gap value is similar for all the junctions.

A plot of all the availableI cRn(4.2 K) products versus
@jnd(Tc)/L#2 is shown in Fig. 7. The data can clearly b
fitted with a straight line. However, the line does not g
through the origin as predicted by Eq.~5!. The finite value of
the L/jnd(Tc) ratio for I cRn50mV means that there is a
cutoff ratio for L/jnd(Tc)517.8 above which there is no
measurableI cRn product at low temperatures. Equation~5!
furthermore predicts that the slope of the line is determin
by the superconducting gap in the electrodes far from t
barrier. If we use the BCS gap for YBCO,D/e
51.76kbTc /e513.8 mV the expected slope for rigid bound
ary junctions would be approximately 4.03105 mV. The
fact that the slope of the line in Fig. 7 is only 1.31
3105 mV suggests that the superconducting gap is su
pressed~as is expected for SNS junctions with soft bounda
conditions! by a factor of 3, resulting in an effective gap
D i54.5 meV. The assumption of the BCS gap value f
YBCO might represent an underestimation of the true g
value in thea or b directions and the suppression factor ca
therefore be even larger.

V. CONCLUSIONS

FEBI junctions have a number of unique properties th
make them well suited for fundamental research into the n
ture of high-Tc junctions: ~a! on-chip variation of barrier
properties such as length and resistivity through controll
variation of the electron irradiation dose,~b! annealing of
irradiated samples above room-temperature changes the e

FIG. 7. TheI cRn product of a number of junctions as a function
of @jnd(Tc)/L#2 can be fitted with a straight line. In contrast to wha
is expected from theory for rigid SNS junctions, these junction
cross theI cRn50 axis at a finite value forL/jnd(Tc). The slope
gives the effective superconducting gap.
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trical properties of the irradiated material enabling the stu
of the same junction with modified barrier properties. The
properties combined with the fact that the junction can
fabricated in an unbroken single layer make it possible
systematically study junctions with a wide variety of barri
properties.

Based on the spread in damage estimated from the b
modulation experiment it was found that the shape of
damage distribution did not change significantly as a re
of scanning the beam over an area. Rather, the large sp
spread of the beam, which leads to a barrier length of
order of 15 nm, meant that the dominant effect in the exp
ment was the increase of electron fluence received by
barriers. This increased fluence results in a higher resista
of the barrier while the barrier’s spatial damage distributi
remains nearly unchanged. The increased resistivity of
barrier and consequently smaller coherence length leads
significant decrease of the critical current for SNS junctio
in the dirty limit. This behavior can be quantitatively verifie
by checking whether theI cRn product at fixed temperatur
decreases exponentially withRn

1/2. This behavior is found for
all junctions after the same anneal stage with the expon
varying asT1/2, as is expected for SNS junctions in the dir
limit.

Annealing reduces theRn of junctions and leads to a sig
nificant increase of theI c . This increase of theI c cannot be
explained by the decrease of resistance alone but is show
be most likely the result of a simultaneously decreasing
fective carrier mass or barrier length with increasing ann
temperature. If we assume a barrier length of 15 nm,
carriers’ effective mass is of the order of 1me .

Not only the scaling but also the magnitude of the critic
current in FEBI junctions can be explained by SNS theo
The I c close toTc varies as (T2Tc)

2 as is expected for SNS
junctions with soft boundary conditions. De Gennes’ expr
sion for theI c using soft boundary conditions was found
describe theI c data of all the junctions very well over
temperature range from 30 to 90.5 K. The parame
L/jnd(Tc) found from the fits to De Gennes’ expressio
agreed well with the value found from the scaling ofI cRn
with Rn .

From the relation between the low-temperatureI cRn data
~4.2 K! and the ratioL/jnd(Tc) we find that the effective
superconducting gap of the junctions at the SN interface
approximately a third of the BCS gap:D i54.5 meV. One
other discrepancy arises: the experimentally observed de
dence suggests a maximum ratio forL/jnd(Tc) above which
junctions no longer show a measurableI cRn product. These
results clearly show that proximity coupling is a plausib
mechanism for the Josephson effect observed in FEBI ju
tions.
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