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Using the particular benefits of focused electron beam irradigf&mBl) 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—supercond®bfrjunctions 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 YB&£u;0;_s. From the exponential scaling of the critical currehy) (with the square root of the
resistanceR,) 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 a@f,. Both the quadratic scaling df with T.—T close toT, and the
reducedl ;R, values of the junctions indicate that the SN interface has a soft boundary nature. From the
low-temperature scaling dfR,, with the ratio of the barrier length and the coherence length we find that the
suppressed superconducting gap at the SN interface is approximately 4.4 904%63-18207)01821-3

I. INTRODUCTION fects on hight . material(both films and single crystalsthe
nature of electron-induced damage is relatively well
The fabrication of Josephson junctions in hihsuper-  understood:®’ Through collisions with the lattice the elec-
conductors through focused electron beam irradiatiBl) trons create atomic interstitials and vacancies in the lattice,
is in many aspects uniqde® Whereas the effect of electron known as Frenkel defects. Tolpygn al?® have shown that
irradiation on electrical properties in most materials is marthere is a direct relation between the number of in-plane
ginal, the highT; materials are comparatively very sensitive defects (that act as strong scattergrdhe suppression of
due to their dependence on oxygen ordering. Even electrork., and the increase in resistivity in electron-irradiated high-
with low energies {20 keV) have been shown to have T, superconducting material. They also found that the cre-
some effect on the electrical propertfed\s a fabrication ation of in-plane defects has a threshold displacement energy
process for research purposes it is a very elegant techniquef 8.4 eV[corresponding to an irradiation energy;] of 58
allowing the fabrication of a nanometer scale weak link in ankeV],? below which incident electrons cannot create in-plane
unbroken single layer of material. The fact that the film re-defects.
mains unbroken is an enormous advantage in proximity At the electron energy used in our procé350 ke\) the
coupled junctions because it allows us to fabricate junctionsuperconducting properties of the irradiated superconducting
without interface resistance, which can otherwise severelynaterial can be fully suppressed, resulting in a material that
degrade the maximum current density of Josephsomas a nearly temperature independent but rather high resis-
junctions? In contrast to conventional multilayer devices, the tivity ( p,=10-15Q xm). A further increase of the fluence
nature of the process enables us to accurately adjust both theads to a further increase of the resistivity and the onset of
electrical propertiegby varying the electron dogeind the  semiconducting,(T) behavior. In many ways the effects of
physical dimensions of the barrier on-chip, thereby circum-electron beam irradiation on the electrical properties of
venting the chip to chip reproducibility problems which have YBa,Cu;0;.; (YBCO) are similar to cation substitution in
long hampered the systematic study of other types of highthe Cu sublattice. However, a clear advantage of electron
T. Josephson junctions. FEBI junctions show a variation ofirradiation-induced defects over substitution experiments is
the critical current with applied magnetic fidlt.(B) ] which  the ability to subsequently reduce the defect concentration in
suggests that the current distribution is very uniférm. a fabricated sample by annealih§.
As a result of extensive studies of electron irradiation ef- The observation that electron-induced damage in YBCO
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leads to suppression a@f, and an increase in resistivity sug- thel. in long Josephson junctions, for which the coherence
gests a proximity coupled modefor FEBI junctions. The length in the normal barrieré&,) is much smaller than the
damage region, at temperatures above its superconductingngth of the junction I(). More refined derivations of the
transition temperatureT(,), behaves like a normal metal critical current in SNS junctions by Likhar&and Kupri-
that is proximitized by the superconducting electrodes. Rampanov and Lukiche¥ have shown that this expression is
edge junctions with doped YBCO as a barlfef? have  yeasonably accurate over a wide temperature réhgée

properties that can be explained by conventional SNSypression for the critical current in a long SNS junction is
superconductor—normal-metal—superconductor theory as

originally developed by De Gennes and others for BCS-like 12

13,14 ; ; ; 7 |A* L . L
superconductor%. ~“All these junctions have a barrier ma- | (T,L)=—= —/ s|n)'<—), 0.3r.<T<T,.
terial with a finite T, which means that junctions become 4eR, kpTe &n &n
strongly coupledSS'S (where S denotes a superconductor @
and S’ denotes a superconductor with a reduded at low
temperatures. A finitél' ., also results in junctions with a
dramatic exponential-like increase of the critical current figinally derived this exoression for the dirty fimit wher
(I.) over a small temperature range abdyg. Similar be- originally derive S expression Tor the dirty ere
havior has been observed in FEBI junctions fabricated using1e coherence length is limited by diffusidwith D, the
a low electron fluenc® arrier diffusion constait &,4= VAD/27k,T. The expres-

In the following we show that the behavior of FEBI junc- Sion for thel is actually more generally applicable provided
tions can be explained by conventional SNS theory when théhat a suitable expression for the coherence length is used
barrier has no such superconducting transitidn,&£0).  wWhich accommodates, for example, a finite superconducting
Davidsonet al® have shown that the shape of thgT)  transition temperature of the barrieF,).**** However, the
curve of FEBI junctions are like those expected for SNSjunctions presented in this article received a high electron
junctions with rigid boundary conditions. However, from the fluence that fully suppressed the superconducting properties
fact that the junctions showed a lowR, value, they cor- in the irradiated material, renderinig.,= 0 K.
rectly concluded that the order parameter must be suppressed An important issue to address is whether the barrier is in
at the SN interfacegsoft boundary conditions In earlier  the clean or dirty limit. When the electronic mean-free path
work we sho.wed that in FEBI junptions in which the barrier | .=mu, /e’np, is much smaller than the clean limit coher-
length was increased by scanning the beam over an arece length¢, =% v,/2mk, T, the coherence length is diffu-
(instead of a line scanl. had an apparent exponential de- sjon |imited andé,~&,4 in Eq. (1). In the dirty limit we

pendence on barrier lengthL, as expected for SNS herefore expect am, which is strongly dependent on the
junctions.” However, after annealing the sample, this depe”'resistivity of the barrier. On the other hand, wHep ¢, the

dence was no longer found at higher temperatur@s ( yirer is in the clean limit and the coherence length is inde-
>30 K) where it is expected to work well. In the present endent of the resistivityassumingT.,=0): &~ &,.. The

paper we will show that the behavior of these FEBI junction . . : .
is consistent with SNS theory but that instead of the expogetermmlng material parameters are the Fermi velocity

nential length dependence, the junctions show adepen- (¥n). the carrier densityr(), the carrier's effective mass
dence that is consistent with an increase of resistivity of thém)' and_ the. resistivity of the barrierpf). For. 100 key
barrier(due to the increase in electron fluehcather than an electron irradiation it was shown that the carrier density of
increase in barrier length the irradiated material remained nearly unchangédwe
Many objections to thé application of conventional gNSsassume that this also holds for the much higher electron en-
theory to highT. junctions can be contemplated: the ergies used in our experiments and we assume that the carrier
c :

d-wave nature of the order parameter, the complex shape ass remains unchanged, the Fermi velocity in the barrier is

the Fermi surface, the doped semiconductorlike propertie§ e same as that of undamaged YBCO. Taking into account

etc}” However, the evidence presented in this paper and otht—he strongly anisotropic nature of YBCO we use a two-

oo o R dimensional2D) expression to find the Fermi velocity in the
ers clearly indicates a more than coincidental similarity be-
tween these high, junctions and the behavior predicted by SU° sh'eeté?. vp=(h/2arm) (2mn[c|)*%, wherec| denotes
conventional SNS theory. Furthermore, until a microscopicthec'ax'§ lattice parameter of YBCQ((|:1.16 nm). Using
theory for the highf. materials is developed, comparisons the ‘;a”'gr properties of optimally doped YBCD]:S
with models derived for BCS-like superconductors provide™ 10’ m™> and m=5m, (Ref. 23] we obtain v,=1.4
the only method of gaining insight into the properties ofxl,d5 m/;. .Usmg th'.s yglue for the Fgrml velocity and a
these devices. Concerning tHewvave nature of the high typical minimum resistivity of our barriers gf,=3 () um
materials, it should not be forgotten that SNS coupling is 2N€ can easily show thag.>1, so that the coherence length
highly directional effect that would obscure many of the!S dominated by the dirty limit expressiof2D) &~ é&nq

complex features of the gap when the junction current flow™ (éncl nlz)uz'_ As we will see later, the carrier effective mass
direction(in c-axis oriented filmsis aligned with one of the " FEBI barriers is found to be much smaller than that of

Here R, is the normal resistance of the barrier afdthe
possibly suppressed gap at the SN interface. De Gennes

lobes of the order paramett. optimally doped YBCO, typically of the order afi,. This
makes the criteriod,.>1, easier to fulfill because it leads to
Il. THEORY an increase o, . whereasl, remains the same. We can

obtain a relation between the ratigé,q and theR, of the
barrier using the expression fhyand¢,. in terms ofy,, and

Using microscopic theory for BCS-like superconductorsexpressing the resistivity of the barrier in termsRyf, L,
De GenneSwas able to obtain an analytical expression forandA the cross-sectional argg=R,A/L:

A. De Gennes dirty limit expression for the critical current
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L/&,g(T)=[(2€’°mk,T/%3|c| LR, A]Y2 (2)  sinh(U/&,) term, thel .(T) behavior close td@ is determined
Fy the strong temperature dependence Apf For rigid

At a given temperature the magnitude of the critical curren oundary conditions this quantity is equal to the BCS gap

in an SNS junction is strongly determined by the exponennaAw, which scales asT,—T) 2 Therefore rigid boundary

dependence on the ratig¢, . As a good approximation to conditions will lead to a linear dependence lof on (T,

De Gennes’ expression at a fixed temperature we can there- AT
fore write | ;R,e~énd. For junctions with constant resis- T). In the case of soft boundary conditiont@ith y

tivity but varying barrier length this equation predicts the ;c(;)tc?r) éroes:(:g'? d tg;r; pg_raiu;;_(Ii_elr;g(;etr;feoc(zfrth_e_rs)lipgessIon
well-known exponential dependencel@R,, with length. If, e € e '
however, we keep the barrier length constant and instead

vary the resistivity, as is easily done by varying the fluence C. Critical currents at low temperatures

for FEBI junctions, Eq.(2) predicts an exponential depen- At |ow temperatures the De Gennes expression for the
dence ofl ;R, on the square root of the resistance when thg . can no longer be used. Microscopic theories such as

junctions are in the dirty limit: Likharev’s calculations for long junctions with rigid bound-
(R ary conditions predict a much slower temperature variation
[ Ryece™ (3 at low temperatures than that expected from @g. For T

<0.4T, these theories typically predict a linear region than
rounds off at low temperaturesT<0.1T..* Using
Likharev's results, Delin and Kleinsas&ederived an ex-
pression for thé R, at low temperatures that is only depen-
dent on the value of the superconducting gap and the ratio

where the parameter can be found as the slope of a line in
a In(.R) versus R, plot and is given by «
=(2e’mk,TLA)/(%|c]).

B. Soft or rigid boundary conditions L/ &no(To):
n c/
One consequence of the proximity effect is the establish-
ment of a critical current through the barrier. Another con- | R _29A, (£n4(To)\? .
sequence is the suppression of the superconducting gap in cnT g L ' ®)

the electrodes\;= 6;A.., when the electronic properties of

the barrier and electrodes are similapft boundary condi- WhereT<0.05T; andL=6&,4(T.). For soft boundary con-
tions). HereA., denotes the value of the BCS gap far awayditions no such expression for the critical current at low tem-
from the junction ands, denotes the suppression factor. An peratures exists. However, numerical calculations by Kupriy-
important effect of this phenomenon is the reduction of theanov and Lukichev show that thgR, product at low
IR, product of such a well-matched SNS junction. A key temperatures decreases with increasing valueg'8fFor a
parameter determining the gap suppression, which is gonstant value o the effective gap value of the soft bound-
measure of the electrode/barrier matching®!fs y  ary SNS junctions will simply be reduced and we expect that
=(N,ps/Nepn) 2 whereN; is the density of states. Once a a relation very similar to Eq(5), with A.. replaced byA;,
value fory has been found the suppression fac@j can be Wil hold.

calculated usinty

Ill. EXPERIMENTAL PROCEDURE

gsd 2 fsd 4 gsd 2112 .
oy =1+ o b +2 N , A. Experimental setup
I | I
For junction fabrication we used high-quality 200-nm-
_ Eyq T \?2 thick c-axis oriented YBsCu;0;_ ;s films grown by laser ab-
with b 2 NT-T lation on LaAlQ;. Tracks with a width of 1.§um were then

patterned by optical lithography and argon ion milling at 500

Here, {44 is the Ginzburg-Landau penetration depth in theeV on a water-cooled rotating stage. The tracks were care-
electrodes anb; is known as the extrapolation length. s fully aligned with the crystah or b axis. TheT, of the film
of the order 1, the suppression of the gap is significﬁﬁt ( was measured before and after patterning and was found to
~0.1) especially close t@.. The temperature range where be unchanged at 90.5 K. Before the FEBI process we mea-
Eq. (4) can be applied is similar to that in which EQ) is  sured the current densityl{) of the tracks to check the pro-
valid, as a consequence of using Ginzburg-Landau theory inessing and film quality. The critical current density of the
its derivation. tracks for the sample presented in this article was 2.6

Rigid boundary conditions correspond to the case inx 10 A/m?at 77 K with a minimum-to-maximum deviation
which y<1, leading to a negligible suppression of the elec-of 10% (nine track$. The tracks were irradiated in a JEOL
trodes’ gap and optimdl.R,, values. Assuming that the den- 4000EX scanning transmission electron microsc(pEEM)
sity of states of the barrier is approximately the same as thait an acceleration voltage of 350 kV and a magnification of
of the electrodes, the suppression of the superconducting gdj® 000. The STEM was specially modified for electron beam
is completely determined by the ratio of the resistivities.write processes and is located on a vibrationally isolated
Looking in detail to the scaling of thie. with (T.—T) close  platform. The tracks were exposed using a computer con-
to T, provides one with an experimental way of determiningtrolled positioning and blanking system with a positioning
whether a SNS junction has soft or rigid boundary condi-accuracy better than 1 niat the selected magnification of
tions. Whereas the globsl(T) behavior of SNS junctions is 10 000. Before irradiation, a thin<5 nm) gold layer was
largely determined by the exponential-like behavior of thedeposited on top of the sample to avoid charging problems.
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The current-voltagel{/) characteristics of the junctions
were measured using a dip probe that fits into a standar 200 nm YBCO
liquid Helium Dewar. The temperature of the copper block
on which the sample was mounted could be controlled withir
50 mK. The sample was surrounded by-anetal shield that
reduces the ambient field to less than 320(affroom tem-
peraturg. Electrical noise was carefully minimized by filter-
ing all leads going down to the sample. For resistively
shunted junctiofRSJ-like IV characteristics thé, andR,
were found fromv2 vs 12 plots; the advantage of this method
is that even thermal-noise-roundBd characteristics can be
reliably analyzed. Junctions in the large limit have a non-

RSJ-likelV characteristic, in which case thg was found 02+
using a finite voltage criterion of 0.xV and theR,, was
determined at high bias currentsX%.). At temperatures at ";‘ 0.15
which the junction have nt,, the R, of the junctions was 3 i
measured using a 10A ac bias. The critical current density X
of FEBI junctions is not self-field limited due to their planar g 0.1F
geometry?* therefore comparison of the measuredwith 2
calculated values is not bound to any upper limit as was ;>~‘0.05 -
found to be the case for sandwich-type SNS junctfons. a
o L
-20
B. Electron beam profile and implications (b) Ay (nm)

for the damage spread

In estimations of the barrier length of FEBI junctions, itis - 4 (a The beam path of2, which is widened by 5 nm
often assumed that the incident electron beam can be I'&hile the electron dose was increased by a factor of 1.33. For junc-

garded as pointlike, with the damage spread resulting eny,ng 3 and 4 the beam was scanned over 10 and 15 nm while

tirely from scattering of the incoming electrons within the jcreasing the electron dose by a factor of 1.66 and 2.0, respec-

electrons being scattered in a 200-nm-thick YBCO film re-1 2, 3, and 4 assuming a Gaussian distribution for an unwidened
sult in a strongly peaked non-Gaussian distribution of scatjunction. The fabrication procedure results in widening of the bar-
tering events, which suggests that 50% of the damage iSer when the defect distribution has a low spread=(3 nm). For a
confined to a 4-nm-wide region. A number of moderate defect spread €6 nm) the procedure results in an ef-
experiments'>?8indicate that the damage spread occurs orfective increase of defect concentration without significantly in-
a larger scale and does not increase much with increasingeasing the barrier lengfthe D(Ay) has been offset by 0]1The
film thickness. FWHM in nm of each distribution is indicated.

An experimental value for the beam spread can be ob-
tained from an experiment, in which the beam is periodicallypeam currents used in FEBI experiments is therefore highly
turned on and off during a line scan. This stitffindicates  optimistic and leads to unphysical values for the coherence
that damage overlap for the small aperture in a 200-nm filmdength in the barriet®
occurs on a length scale of 10 to 20 nm. A confirmation that The use of a large condenser apert(280 um in our
scattering of the incident electrons has an insignificant effecBTEM) and associated high beam currents, in order to mini-
on the damage distribution is obtained from a study of thenize the irradiation time, can result in junctions with
scaling of the electrical properties of FEBI junctions, which strongly reduced.R,, products due to the large intrinsic non-
indicates that the Josephson current and quasiparticle cro§&aussian spread of the electron bedif The use of a
section are identicdl. Assuming an SNS nature for these 100-um condenser aperture results in greatly improved junc-
junctions, a barrier which widens with increasing film depthtions and proven reduction of the spatial damage spread.
would lead to a strong concentration of the Josephson currehtowever, these values are still large when compared to the
at the position of the smallest barrier length. These experidamage spread expected from scattering within the irradiated
ments therefore lead to the conclusion that the damag¥BCO film, indicating that further improvement is possible.
spread in a 200-nm-thick film is not determined by internal Based on the beam modulation experiment described ear-
scattering of the electrons but by the intrinsic spread of thdier, we estimate the barrier length to be approximately 15
incoming beam. Often quoted optimal spot diameters ofim. Using this estimate we can calculate the effective flu-
STEM'’s used in irradiation experiments are on the order of nce of a 1.8«m-wide junction with an ;~10 uA at 60 K
nm827-28However, such a small spot size can only be ob-to be 6.3% 1P C/n?. In order to further clarify the nature
tained at low beam currentsvhen a small condenser aper- of our FEBI junctions the barrier length of junctions was
ture and spot size are selectethd optimal beam alignment increased by scanning the beam over a narrow region instead
and focusing. The assumption that the length of the barrier isf a line while intending to keep the fluence approximately
equal to the optimal spot siz€8 nm) at the much higher constan{Fig. 1(a)]. Whereas the first junctiorj{) was pro-
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duced by a line scan with a total line dose of 0.095 C/m the T T T T
subsequent junctiong Z,j3,j4) were widened by 5, 10, and

15 nm in they direction as shown schematically in Figal 1000
while the total dose was consecutively increased by a factc

1.33, 1.66, and 2. If we assume that the damage spread r

| 35 K

sulting from a line scan is approximately Gaussian with a % 100 E E 40 K
standard deviatiowr, we can calculate the effect of the wid- = F 45K
ening and dose increase on the damage distributio o [ | S0K
[D(Ay)]. We present the case for a s_mah‘_:é3 nm) and 10 F ggﬁ
moderate =6 nm) spread in damage in Fig(hl. For the E 65 K
o=3 nm case the combined effect of widening and increas IO AN BTN EVEE I EE S N ST RS

ing dose is to widen the barrier significantly while the maxi- 05 055 06 065 07 075 08 0.85
mum damage concentration remains approximately constar Rn”2(9"2)

If a moderate damage distribution with=6 nm is as-
sumed, the result is completely different. In this case the
beam is scanned over a length scale comparable to the fu(”e
width _at h_alf maXImun(FWHM) OT the d_amage dls_trlbutlo_n for a dirty limit SNS junction. The data shown here were taken after
resulting in a damage distribution with only slightly in- anneal stage 3.
creased FWHM but increased damage concentrations. So,
whereas ther=3 nm case will lead to junctions with similar tion of the barrier. Unlike junctions with barriers that un-
resistivities but increased barrier length, the=6 nm case dergo a superconducting transition, it was found that the
will result in junctions with similar barrier lengths but in- critical current of these junctions could still be partially sup-
creased resistivity. The two different cases result in a verypressed {~30—50 %) by a magnetic field which normally
different scaling behavior of thie,. Note that from the beam results in the first minimumEgy).
modulation experiment we expect damage overlap to occur The dependence ®fR, on the junction parametetsand
between 10 and 20 nm, indicating that the experiment iR, represents the most direct method to verify whether the
most likely to result in a damage spread close to that giveirEBI junctions have an SNS character. Although theof
by the =6 nm case. the junctions after the first anneal stage and at low tempera-

By annealing the sample in air at four different tempera-tures shows an exponential dependencé. di we now be-
tures(al, a2, a3, anda4 corresponding to 323, 353, 388, lieve that this dependence is coincidental. There are a num-
and 431 K for typically an hour, the barrier properties were ber of reasons why an exponential dependence is not
modified. Through annealing and subsequent characteriza&xpected(a) The barrier length used in thg(L) plot was
tion of the junction properties, barriers with a wide variety of simply taken as the sum of the unwidened barrier lerigjth
electrical properties could therefore be studied on a singlam) and the widening in the direction normal to the junction
chip. (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
IV. RESULTS AND DISCUSSION are dealing with dGaussiaj defect distribution(b) Thel.
data of the same junctions after subsequent annealing stages
no longer show the exponential dependencé oft) At low

On a single 55 mm chip nine junctions with different temperatures Eq1), from which the exponentidl, depen-
barrier properties were fabricated. Although all nine junc-dence is derived, is not valid.
tions were available for measurement, only the first four For the damage spread expected in these junctions
junctions had measurable critical currents at all stages ofFWHM~10-20 nm) the experiment should instead lead to
annealing. To keep the number of measurements tractable vaa effective increase of fluence rather than a increase of the
restricted the measurements to the first four junctigdsto  barrier length(see Fig. 1. We therefore expect from E{3)
j4). This procedure resulted in a set of 16 complete measurdhat thel R, at temperatures above @ 3for fixed barrier
ments of junctions with different barrier properties. length depends exponentially on the square rod® pbf the

All the junctions were of a high quality showing a regular junctions. As will be shown below, thR,, of the junctions is
variation of the critical current with applied magnetic field well defined and nearly temperature independent. In Fig. 2 it
and full suppression of thie, when the junctions were in the is shown that all the measuréd values after every anneal
small limit. In the small junction limit all thdV character- stage follow this dependence. The exponential fits describe
istics could be described using the RSJ model. At high critithe data quite well even at low temperatures.
cal current densitiesV characteristics were observed which  From the slope of the lines in Fig. 2 according to E3).
showed a large excess current and, at very low temperaturéise parametera=\/(2e’mk,TLA)/(%>|c|) can be found.
(T<10K) small hysteresis effects<5% of I.). A cross- This expression predicts a linear relation betweérand the
over to flux flow behavior was observed at low temperaturesemperaturel, a dependence that is verified in Fig. 3 for
(T<50K) for junctions 1 and 2 after anneal 4, when theseanneals 1, 2, and 3. Because E).is valid only at tempera-
junctions had very high critical current densities),( tures higher than approximately 30 K we fitted for T
>10° Alcm?). We believe that this behavior is simply a re- >30 K with a straight line through the origin. The fits are
sult of the small value ot./¢,4 of these junctions at these good especially for anneal 1 and 2. Deviations from the ex-
temperatures and is not caused by a superconducting trangiected linear behavior may be a result of the approximate

FIG. 2. The scaling of;R, with (R,)*? for the four junctions is
arly exponential over a wide temperature range, as is expected

A. Scaling of I, with L or R,
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that the barrier length does not change by annealing. Let us

140 5' LA R 2N I,’I IE therefore consider the case whére 15 nm and the decrease
120 2 ! o e in Bis due to a decrease ai. This results irm decreasing
100 : ¢ * 3 from 1.07#n, for anneal 1 to 0.68 for anneal 3(Table ).
B 80 & o E This value is rather small when compared with the carrier
o C ‘.° ' .o’ 3 mass in undamaged YBC@~5.0m, (Ref. 23 and suggests
s 60 % | 000’ 3 that the FEBI process leads to delocalization of the carriers
405 aab ‘.Io’ = in YBCC. The carrier concentratiam does not appear in the
C et e  annealt - above expression fg8 because a 2D expression was used for
S | anneal 2 : - .
20 - ! e  anneal3 1 the Fermi velocity. Had we used a 3D expression instead, the
ol o T R BT decrease 8 could also be explained by a decrease in carrier
0 10 20 30 40 50 60 70 concentration as was considered by Davidsbal. for their
T(K) FEBI junctionst®

FIG. 3. The squared slope of the linas?j in Fig. 2 is approxi-
mately proportional to the temperature. Only the data abbve
=30 K was used for the line fit. Below 30 K the exponential scaling
is not expected to give a reliable value faf and a significant

deviation from the line fits is observed. Annealing causes a decrease From the above discussion we can conclude that the scal-
of the slope of the fits. . . . . .

ing of IR, with R, is consistent with that expected for an

SNS junction in the dirty limit. We now consider the mag-
nature of Eq(3), for which bothL/¢,4 andA; in De Gennes’  njtude of the critical current as found from De Gennes’ ex-
| expression were neglected. This possibly also explaingression for an SNS junction in the dirty linfiEq. (1)]. A
why the a? data after anneal 4not shown could not be  representative selection of t,(T) and thel ((T) of mea-
fitted with a line through the origin, although the junctions syrements of the FEBI junctions is shown in Fig. 4.
still showed an exponential dependencel pfwith R to The solid lines in Fig. @) represent fits to thi,(T) data
some degree. using De Gennes’ expressi¢iqg. (1)] with soft boundary

As will be shown below the FEBI junctions are best de-conditions. For these fits two parameters are requitad.

scribed by soft boundary conditions, which will change theThe electronic matching parametey=(N,ps/Ngpn)*?,
temperature dependence of th&, product significantly at which was calculated with the assumption that the density of
temperatures close td,. At low temperaturese® is no  states of the irradiated material is similar to that of un-
longer proportional tar, due to the much slower rise of the damaged YBCO. We took the resistivity of the electrode
IR, product than that predicted by E@®). Delin and Klein-  material to be temperature independent & lum. The bar-
sasser have shown that, as a consequence, the dirty limier resistivity was calculated from the averaBg of the
coherence length as found from an exponential fit at lowjunction, A=3.6x10 3 m? andL =15 nm.(b) The param-
temperatures is significantly lower than the true value. Simieter L/¢,4(T.) was varied to obtain the best possible fit.
lar behavior is observed in Fig. 3, where the measuredt  Both parameters are shown in Table Il for all the junctions.
low temperatures is larger than the expected linear deperBecause De Gennes expression is only validTor0.3T .,
dence. From the slope of the line fits in Fig. 3 the parametewe only fitted thel . data above 30 K. The values obtained
B=(2e’mk,LA)/(%5|c|) can be obtained, which clearly de- for the ratioL/&,4(T.) from the fits are quite reasonable and
creases with increasing anneal temperaiiable ). This  show the expected trend with both increasing fluence and
decrease may be due to a decrease in the carrier effectiwecreasing anneal temperature. The low-temperaty(€)
massm and/or a decrease of the barrier lengthAnnealing  behavior is qualitatively consistent with Likharev's model
studies of the beam modulation junctiéhseveal that the for rigid SNS junctions. It is interesting to note that the shape
damage overlap does not change significantly, suggestingf the normalized .(T) curves remains approximately the

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

TABLE I. Bandy= BT, from line fits to Fig. 3 and Fig. 5 after the different anneal stages shown and the
derived carrier mass normalized by the electron masg, usingL =15 nm.

(slopes Fig. B3 m/mg (slope)s( Fig. b m/mg
Anneal No. Anneal [(Q K™ (from B) (VD) (from x)
Anneal 1 1h @323 K 2.73 1.07 318.4 1.37
Anneal 2 2h @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 1h@431K 142.1 0.61
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check whether the fitting of the, with the De Gennes ex-

decreasing slope with increased anneal temperature as found
in Fig. 3. In fact, the slopes obtained from Fig(defined as

x) should be related to the quantiy found earlier, in the
following way: x=pBT.. In contrast to the direct scaling

> - . l ' alz_;'- \a&jlz Iadr;; 'a4_;, - I pression is internally consistent with the analysis of the
4 4839, 9691 526 4.88 IR, scaling withR,, as presented in Figs. 2 and 3. In Fig. 5
- a3 e it is shown that thé./ ¢,,4(T.) data after the same anneal step
< 3 867 are well described by a straight line through the origin con-
E,O E T, firming the dependence expected for an SNS junction in the
- 2 :_?:-1017 v, dirty limit. Furthermore, the fits show the same trend of a

IIIIIIII]I!IIIlIIII‘l

@ o 20 40 60 80 Ty  analysis ofl with R, we now also find the appropriate scal-
ing for the data after anneal 4. This is because we have now
properly taken into account the soft boundary conditions of

15 7T T T T the junctions that significantly decreases theslose toT,.

The values fory are shown in Table | for all four anneals.
Using the same value for the barrier length as befdre,
=15 nm, the effective carrier mass can again be calculated
(Table ). The resulting values fom/m, are slightly higher
than those found from the scaling bfR,, with R,. This is
possibly a consequence of the approximations made in de-
riving Eq. (3) as discussed earlier and/or the rather approxi-
mate value ofy as used in the fits of Fig.(d4). From the
absolute values of the ratio/&,4(T.) as listed in Table I
and the assumption that the barrier length is approximately
15 nm we find that the value @f,4(T.) varies between 0.85
nm for the most heavily damaged junction and 3.3 nm for the
junction that received the lightest fluence. These values are

(as symbolsand the De Gennes fit as a full line. Both théT) and _rathe_r sw(r;_ﬂgrlg;[o those o_bta_lr_1ed for the doped ramp edge
R.(T) curves are marked by an identifier that lists the anneal andlunCt'Qné. ™ and significantly larger than the
junction number. The fitting parameteré,4(T) is listed below a,b-direction unit-cell dimensions. Because the barrier
the junction identifier(b) The R,(T) curves for the same junctions length is not accurately knowwe estimate a possible error
as shown in(a), showing that th&r,, is nearly temperature indepen- of 5 nm) the derived values of boté,4(T.) andm are rela-
dent. The junction with the highest resistanal{j4) shows a tively inaccurate. Still, such an error margin does not result

semiconductinglike increase 8(T). Thel(T) of this junctionis  in unphysical values fo&,4(T.).
not shown in(a) as it would not significantly deviate from thxeaxis

on the scale used.
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FIG. 4. (a) Thel(T) measurements for a number of junctions

C. Soft or rigid boundary conditions—the scaling of | .

same for all the junctions for which we could measure with (T—T)
1.(4.2 K) (<15 mA). - . :
Most of the R,(T) curves in Fig. 4b) show a nearly Although rigid boundary conditions require one parameter

temperature-independent junction resistance, as is expecté$S (¥=0) than soft boundary conditions and are therefore
for a metal that is dominated by impurity scattering. Thepreferable_ for fitting, flt$ using rigid boundary conditions
junction with the highest resistance shows a semiconductiny€'® Particularly unsatisfactory at temperatures close to
R,(T) behavior. For calculation of thk., using Eq.(1) an e Th_ls_|s illustrated in Fig. 6 _by th_e das_hed I|nel represent-
accurate value of th&, is required. The high-temperature N9 @ rigid boundary fit to the junction with the highest op-
R, data are compromised because they are near to the traﬁ_[at'”g temperature. For barne'r's with a higher r§3|st|V|ty that
sition temperature of the electrode and are therefore ignoredid not show a measurable critical current at high tempera-
For the highR, junctions the semiconducting behavior at tures there was no significant difference in the quality of fits
low temperatures can change the aver®gesignificantly. ~ Using either soft or rigid boundary conditions.
TheR, value used for calculation of tHe (as listed in Table The fact that soft boundary conditions better describe the
||) is thus obtained by averaging tﬁﬁ(T) over the tempera- behavior of the FEBI junctions is confirmed by studying the
ture range from 40 to 70 K. Usind=3.6x10 ¥ m? and  scaling ofl ;. with (T.—T) close toT.. Taking thel . data of
L=15nm we can calculate the resistivity of the barrier ofthe junction with the highest operating temperat(jre an-
junction 4 after anneal 1 to be 22(® um, which is signifi- neal 4 and usingT.=90.5 K, Fig. 6 shows that thk, is
cantly higher than that of the undamaged matdddl pwm). much better described by a fit using De Gennes expression in
As a result of fitting De Gennes’ expression to thEr) combination with soft boundary conditions. The fit using
data, we obtainedl/&,4(T.) [Fig. 4(@)] which according to  rigid boundary conditions fails to match the slow increase of
Eq. (2) is proportional to R,)Y2. This relation allows us to |, close toT.. The inset in Fig. 6 shows the scaling lof
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TABLE II. Junction and SNS fitting parameters after the different anneal st&jefs obtained by
averaging the 40—70 K junction resistance and is used for calculatibgé,y(T.) is found from the fits in
Fig. 4@ using De Gennes’ expression. Th&R,, at T=4.2 K is obtained directly from th&/ characteristic
of the junctions.

R, av. | Rn(1V)
Anneal Junction Q) L/&na(Te) y 42K
Anneal 1 jl 0.409 10.88 0.32 633
1lh j2 0.550 13.02 0.28 414
@323 K j3 0.715 15.14 0.24 172
ja 0.942 17.53 0.21 85
Anneal 2 il 0.337 8.17 0.35 1598
2h 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 i1 0.270 6.3 0.39 2785
1h i2 0.328 6.91 0.36 2479
@388 K i3 0.491 8.83 0.29 1354
j4 0.714 11.47 0.24 608
Anneal 4 jl 0.207 4.52 0.45
1lh j2 0.250 5.26 0.41
@431 K i3 0.310 6.72 0.37
j4 0.448 8.45 0.31 1451
with (T.—T)? which is well described by a straight line D. IR, scaling atT=4.2 K

through the origin. We expect an exponent approaching 2 for  another test of the SNS nature of the FEBI junctions is
soft boundary conditions withy>0.2."" As can be seen in  provided by the relation between the obtained fitting param-
Table II, the value fory for this particular junction is 0.45 etersL/¢,4(T.) and thel R, products of the junctions at
which satisfies the conditiop>0.2 discussed above. very low temperatures. THgR,, products at 4.2 K are shown
in Table Il for a number of junctions. Due to the very high

350 L LRI r 1 1 T 1 1 I T 1

- E 6000 200
300 = at 7= = 150
s = E 5000 ~
= 250 |- a2 3 - <100
~, 200 & ) = __ 4000 —°50
w = a3 3 g -
3 150 . = 2 3000 0 L1
- . 3 —° - 20 40 60 80 100
100 | 243 2000 |- (T-TR(KY
50 E 1000 F- . rigid =
W= 1 f PR T R ST NN O MY S A N R E | | Tl E
0 02 04 06 08 1 050' = Ieol = '70' = '80 -
Rn @) T-T (K)
FIG. 5. The scaling of the fitting paramet@t/&,q(T.)]1? FIG. 6. Thel data of junction 1 after anneal stage 4 close to the

with the average junction resistanBg . The junctions at the same T, of the film. De Gennes’ expression using soft boundary condi-
anneal stage are fitted with a straight line through the origin. Intions results in a much better fit than when rigid boundary condi-
creasing anneal temperature results in a decrease of the slope tidns are used. The inset clearly shows that(T—T.)? as is ex-
these lines. pected for soft boundary conditions.
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trical properties of the irradiated material enabling the study

3000 AR B R ERRE” SR of the same junction with modified barrier properties. These
2500 : i1 3 properties combined with the fact that the junction can be
o j2 _ 3 . . . . .
2000 £ ¢ B3 T=4.2K 3 fabricated in an unbroken single layer make it possible to
E oA 4 _; systematically study junctions with a wide variety of barrier
;c 1500 3 properties.
—° E 3 Based on the spread in damage estimated from the beam
1000 y=1.300E+5x -364.44 = modulation experiment it was found that the shape of the
500 £ ’ ' = damage distribution did not change significantly as a result
g ] of scanning the beam over an area. Rather, the large spatial
0= b b b b spread of the beam, which leads to a barrier length of the

0 0005 001 0015 002 0025 0.03 order of 15 nm, meant that the dominant effect in the experi-
€,,(TIL) ment was the increase of electron fluence received by the
barriers. This increased fluence results in a higher resistance
FIG. 7. Thel (R, product of a number of junctions as a function Of the barrier while the barrier's spatial damage distribution
of [ £,4(T¢)/L1? can be fitted with a straight line. In contrast to what 'femains nearly unchanged. The increased resistivity of the
is expected from theory for rigid SNS junctions, these junctionsbarrier and consequently smaller coherence length leads to a
cross thel .R,=0 axis at a finite value fot/&,4(T,). The slope  significant decrease of the critical current for SNS junctions
gives the effective superconducting gap. in the dirty limit. This behavior can be quantitatively verified
by checking whether thé.R,, product at fixed temperature
current densities of some of the junctions after anneal 4 welecreases exponentially wiRﬁ’z. This behavior is found for
could not measure the.R, products of these junctions at all junctions after the same anneal stage with the exponent
low temperatures. For SNS junctions with rigid boundariesyarying asT*?, as is expected for SNS junctions in the dirty
Likharev's theory predicts a simple relation, Ef), between  limit.
thel R, product and the ratit/&,4(T.). Although the FEBI Annealing reduces thB,, of junctions and leads to a sig-
junctions are better modeled using soft boundary conditionsificant increase of thé,. This increase of thé, cannot be
it is expected that a relation similar to E&) should hold for  explained by the decrease of resistance alone but is shown to
these junctions as the effect of soft boundary conditions is tibe most likely the result of a simultaneously decreasing ef-
suppress the effective gap valtfeds we can see in Table Il fective carrier mass or barrier length with increasing anneal
the matching parameter does not vary very much between temperature. If we assume a barrier length of 15 nm, the
the different junctions and therefore we expect that the efearriers’ effective mass is of the order ofri, .
fective gap value is similar for all the junctions. Not only the scaling but also the magnitude of the critical
A plot of all the availablel ;R,(4.2 K) products versus current in FEBI junctions can be explained by SNS theory.
[€na(To)/L]? is shown in Fig. 7. The data can clearly be Thel, close toT, varies as T—T¢)? as is expected for SNS
fitted with a straight line. However, the line does not gojunctions with soft boundary conditions. De Gennes’ expres-
through the origin as predicted by E§). The finite value of  sion for thel . using soft boundary conditions was found to
the L/&,4(T¢) ratio for I .R,=0uV means that there is a describe thel, data of all the junctions very well over a
cutoff ratio for L/&,4(T.)=17.8 above which there is no temperature range from 30 to 90.5 K. The parameter
measurabld .R, product at low temperatures. Equati(B) L/&,q(T:) found from the fits to De Gennes’ expression
furthermore predicts that the slope of the line is determinechgreed well with the value found from the scalinglgR,
by the superconducting gap in the electrodes far from thevith R, .
barrier. If we use the BCS gap for YBCOA/e From the relation between the low-temperatly®, data
=1.7&,T./e=13.8 mV the expected slope for rigid bound- (4.2 K) and the ratioL/&,4(T.) we find that the effective
ary junctions would be approximately 400> xV. The  superconducting gap of the junctions at the SN interface is
fact that the slope of the line in Fig. 7 is only 1.31 approximately a third of the BCS gag;=4.5 meV. One
X 10° uV suggests that the superconducting gap is supether discrepancy arises: the experimentally observed depen-
pressedas is expected for SNS junctions with soft boundarydence suggests a maximum ratio fo,4(T.) above which
conditiong by a factor of 3, resulting in an effective gap junctions no longer show a measurabl®, product. These
Aj=4.5 meV. The assumption of the BCS gap value forresults clearly show that proximity coupling is a plausible
YBCO might represent an underestimation of the true gagnechanism for the Josephson effect observed in FEBI junc-
value in thea or b directions and the suppression factor cantions.
therefore be even larger.
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