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Electromagnetic properties and He¿ irradiation effects on YBa2Cu3O7Àx grain-boundary
Josephson junctions

M. A. Navacerrada, M. L. Lucı´a, and F. Sa´nchez-Quesada
Departamento de Fı´sica Aplicada III, Facultad de Ciencias Fı´sicas, Universidad Complutense de Madrid,

Avda. Complutense s/n. 28040 Madrid, Spain
~Received 3 March 1999; revised manuscript received 23 April 1999!

We have analyzed the electromagnetic properties of small and long YBa2Cu3O72x grain-boundary Joseph-
son junctions. The Swihart velocity increases with junction width~w! while the ratio of the relative dielectric
constant to the barrier thickness («/t) decreases. We found that the productw3«/t is approximately constant.
These results have been explained in the framework of the filamentary model, where the barrier can be
regarded as a disordered dielectric medium with a high density of superconducting filaments. Experiments
demonstrate that a controllable variation of these parameters can be achieved by helium irradiation at 80 keV.
We give examples of an enhancement of weak-link properties of junctions for doses in the range of 1013 cm22.
Raising the dose we can sweep the modification of the weak-link properties from an increase of the junction
critical current of about 10% to a severe degradation of the coupling energy of the barrier, although the
superconducting properties of the electrodes always worsen gradually.
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I. INTRODUCTION

Josephson junctions play a key role in electronic devic1

Control and reproducibility of the properties of high
temperature superconductor Josephson junctions is ess
for the development of new electronics. In this recent te
nological area, a widely used technique for the fabrication
high-temperature junctions is the epitaxial growth
YBa2Cu3O72x ~YBCO! on bicrystalline substrates with on
tilt grain boundary. The nature of the weak link at the gra
boundary junctions~GBJ’s! generated in the YBCO laye
grown on top is still controversial.2,3 Moreover, it is well
known that the grain boundaries are extremely sensitive
the growth parameters4,5 provided that film growth takes
place in conditions far from equilibrium. Among the diffe
ent models proposed to explain the properties of YBC
GBJ’s the filamentary model6 is frequently referred. Com
parative electromigration studies between grain-aligned
crobridges and microbridges containing high-angle
boundaries suggest that the initial effect of a grain bound
is to exacerbate the disorder in the adjacent regions. On
basis of these observations, this phenomenological m
analyzes the grain boundaries bridged by an array of su
conductive connections and by another array of normal p
that do not carry supercurrent. This model is consistent w
a wide set of experimental results. The model explains sa
factorily the half-integral constant voltage steps observed
many grain-boundary Josephson junctions.7 Photoexcitation
experiments give evidence of the existence of regions w
substantial oxygen deficiency and/or disorder near the g
boundary.8 High-resolution5,9 microscopy images show tha
low-angle grain boundaries are composed of arrays of di
cations. The strain fields of dislocations perturb the lo
electronic structure leading to a nonsuperconducting zon
the grain boundary. Therefore the supercurrent flows p
dominantly through channels of good crystalline lattice or
between dislocations.10,11 High-angle grain boundaries can
PRB 610163-1829/2000/61~9!/6422~6!/$15.00
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not be described by this model since dislocation cores m
overlap; however, strongly coupled paths have also b
demonstrated in this case, so that the filamentary model
been generalized.12

An important tool for understanding the microstructu
and nature of the grain boundary is the study of critical c
rent (I C) spatial distribution in GBJ’s. Some studies in sm
junctions using the inverse Fourier transform on critical c
rent versus magnetic field dependence,I C(B), give clear evi-
dence thatI C has spatial inhomogeneities on a length sc
down to 1 nm.13,14 Analytical and numerical studies hav
been developed in long Josephson junctions, solving
static sine-Gordon equation, in the presence of differ
types of structural disorder.15 In any case the literature pre
sents an excessive variation of critical parameters such aI C

and junction resistance (RN) for all junction types, even in
the same chip. Only a few empirical conclusions and re
tions are frequently reported for GBJ’s: for instance, a str
ger coupling behavior for lower-tilt angle boundaries,3,10 and
a scaling behavior for the characteristic voltageVC5I CRN ,
which is proportional to (JC)q/q11 with q'1.5, whereJC is
the critical current density, when bicrystalline SrTiO3 sub-
strates are used.16 In this framework, several experimen
have been developed to study the possibility of adjusting
barrier parametersa posteriori. In junctions made on bicrys
tals, the critical currentI C increases and the normal resi
tanceRN decreases after an annealing treatment in ozon17

Recently, Ca-doping of YBCO films has also provided a w
to increaseI C and to reduce significantlyRN of GBJ’s.18,19

On the contrary, a controlled worsening of these parame
is observed when the barrier is modified by electron bea20

and proton irradiation.21 However, none of these last studie
have been done on GBJ’s made on bicrystals.

In this paper we present a detailed revision of the m
important parameters that can be deduced from trans
measurements,I C(B) and current-voltage (I -V) characteris-
tics, on YBCO Josephson junctions grown on bicrystalli
6422 ©2000 The American Physical Society



sp

th
ar
wl

e

llin
.

e
iti
s
a

in
5

c

th
u
in

rd
n
o

et
s
a
x

i
d

i
nc

a
ti

lt
i-
n

-
fo

nt

n

na-

ce,
al-
e
the

ps
e

x

he
unc-

e
nt
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substrates. We present a separated analysis of the tran
(I C ,RN) and electromagnetic~Swihart velocity and dielec-
tric constant! parameters of the barrier, and in both cases
results can be explained in the context of the filament
model. We also demonstrate for the first time to our kno
edge that ion bombardment of the junctions can enhanceI C :
in particular, we have studied the effect of low-energy h
lium irradiation with variable doses.

II. EXPERIMENT

Josephson junctions were generated using bicrysta
substrates of SrTiO3 with a symmetrical tilt angle of 24°
YBCO films having 500 Å thickness andc-axis orientation
were epitaxially grown in a high pressure~3.4 mbar! pure
oxygen dc sputtering system.22 In the deposition process th
substrate temperature is 900 °C. Electrodes had trans
temperatures (TC) in the range 89.5–91 K, transition width
smaller than 0.2 K and critical currents densities higher th
106 A/cm2 at 77 K. Films were patterned by wet etching
H3PO4, obtaining junctions widths ranging between 2 and
mm. Patterned microbridges~barriers and electrodes! were
irradiated at room temperature with 80 keV He1 ions inci-
dent 7° from the surface normal to avoid channelling effe
Doses ranged between 531013 and 531014cm22. For this
energy a projected range of 3500 Å was estimated from
SRIM 96 software, such that ions are assumed to pass thro
the film into the substrate where they are implanted caus
the biggest damage. Ion current was kept small, in the o
of 500 nA, to avoid heating of the sample during irradiatio

All electrical measurements were made in a double C
Netic cylinder surrounding the samples for correct magn
shielding. Curves of temperature dependence of the re
tance,R(T), were measured using a four-point configur
tion. TheI -V characteristics were registered using an ac O
ford Instruments electronic system@dc-superconducting
quantum interference device system adapted to work w
single Josephson junctions#. The magnetic field was applie
parallel to the grain boundary plane. The critical current
identified as the current at which the dynamic resista
(dV/dI) increases sharply. Defining the critical current by
voltage criterion gives similar results. When thermally ac
vated phase slippage makes theI -V curves rounded,I C is
determined by the intersection of the tangent (dI/dV)min
with the current axis as explained in Ref. 23. Similar resu
are obtained forI C using the Ambegaokar-Halperin analyt
cal expression for the noise-rounded resistively shunted ju
tion ~RSJ! model I -V curves.24 The foot structure in the re
sistive transition of the junctions can also be accounted
by this model, so that a correct determination ofRN can be
deduced from proper fittings ofR(T).25

III. RESULTS AND DISCUSSION

A. Electromagnetic and transport properties

Figure 1~a! shows the curveI C(B) of a junction 2mm
wide with RN of 17.5 V. The pattern fits very well a
Fraunhofer-likeusinpF/pFu function where flux focusing
effects26 associated to our planar geometry are taken i
account by factorF in the flux density expression:f0
5FwdDB,27 being f0 the flux quantum,DB the width of
ort
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the oscillations in theI C(B) pattern,w the width of the junc-
tion, andd the effective magnetic thickness of the junctio
d5t12l>2l ~t is the barrier thickness!. In our casel
5lLcoth(d/lL) whered is the thickness of the films, sinced
is smaller than the London penetration depthlL .28 In the
calculations we uselL5140 nm at the lowest temperature.29

We have observed Fiske steps30 in our small GBJ’s, and
both Fiske and flux-flow resonances31 in the long junctions,
supporting the idea of the junctions as long parallel reso
tors for electromagnetic waves,28 where the junction barrier
forms the effective dielectric medium. Figure 1~b! shows the
magnetic field dependence of the first Fiske resonan
which intensity is obtained substracting the RSJ model c
culated current to theI -V measured characteristics. From th
position of the resonance steps it is possible to determine
Swihart velocityc̄ of the resonator. In the case of Fiske ste
Vn5(nc̄f0/2w),30 wheren is the resonance number and th
resonant frequency isf n5Vn /f0 . For flux-flow resonances
the step voltageVm is related to the applied magnetic flu
densityB by Vm5(f0c̄/wDB)B,27 whereDB in large junc-
tions can only be estimated from two nearby dips in t
I C(B) curves at each temperature. For small Josephson j

FIG. 1. Fraunhofer pattern~a!, magnetic field dependence of th
first Fiske step~b!, and temperature dependence of critical curre
~c! before ~black dots! and after irradiation~white dots!. Dose is
531013 cm22 and junction width is 2mm. Data in~a! and ~b! are
measured at 15 K.
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6424 PRB 61NAVACERRADA, LUCÍA, AND SÁNCHEZ-QUESADA
tions, we obtainc̄ from Vn and in the case of long junction
from both Vn and Vm since both resonances appear in t
I -V curves. In the case of Fiske steps we always analyze

TABLE I. Summary of transport parameters of YBCO GBJ’s
SrTiO3 bicrystalline substrates. Critical currents are quoted at 20
Data are arranged according toRN .

w
~mm!

RN

~V!
I C

~mA!
I CRN

~mV!

50 0.94 1900 1.8
6 2.8 862 2.4

30 3 880 2.6
10 3.8 776 2.9
10 4 761 3
30 4.3 550 2.3
10 4.5 530 2.4
8 4.5 545 2.4

20 4.6 500 2.3
10 4.9 400 2
10 5 445 2.2
10 5.2 475 2.4
4 7 272 1.9
4 8.5 305 2.5
2 9.5 240 2.3
2 14 151 2.1
2 15.6 127 2
2 17.5 98 1.8
he

resonance numbern51, although the second resonance c
also be seen in some of our large junctions. From the va
of c̄ it is possible to determine the ratio of the relative diele
tric constant« to the barrier thickness using the expressi
c̄5@c0(t/«d)1/2# wherec0 is the velocity of light in vacuum.
All the parameters obtained from our fittings are listed
Tables I and II. We have included data from other authors
comparison as will be discussed later.I C(T) dependence is
plotted in Fig. 1~c!.

It is well known that YBCO film growth occurs throug
the nucleation of three-dimensional islands and appears t
a mainly random process. This is consistent with TE
observations,32 which show the grain-boundary plane to m
ander or facet around the boundary direction defined by
bicrystalline substrate, avoiding any possible prediction
the exact boundary structure. Data are presented in Tab
according to the values ofRN, a parameter closely relate
with the growth process of the film and the barrier. We ha
checked that the value of the critical current is mainly d
pendent on the value ofRN . The productI CRN is basically
constant in our samples rather than fitted to a scaling law
fact although Table I only showsI C at 20 K, similar values
of RN give raise to similarI C(T) curves. The filamentary
model could account for these results. No clear correlat
exists between these parameters and the width of the m
bridge; junctions with different widths may have similar va
ues ofRN . The distribution and quality of the channels in th
grain boundary that carry supercurrent fix bothRN and
I C(T). The distribution of these filaments is basically ra
dom and exclusively dependent on the growth process of
barrier.

.

.
ng
TABLE II. Summary of electromagnetic parameters of YBCO GBJ’s on SrTiO3 bicrystalline substrates
Data of resonant frequencyf 1 , Swihart velocityc̄, and ratio«/t are quoted at 20 K and arranged accordi
to w.

w
~mm!

d
~nm!

RN

~V!
f 1

(31011 s21)
c̄

(3106 m/s)
«/t

~nm21!
w3«/t
(3104)

50 50 0.94 0.82 8.2 1.6 8
30 50 4.3 1.06 6.4 2.6 7.8
30 50 3 1.12 6.7 2.4 7.2
30a 200a 1.61a 9.7a 3.4a 10.2a

20 50 4.6 1.25 5 4.4 8.8
10 50 5 1.7 3.4 9.5 9.5
10 50 4.9 1.75 3.5 8.9 8.9
10 50 4.5 1.75 3.5 8.8 8.8
10 50 5.2 1.8 3.6 8.5 8.5
10 50 4 1.9 3.8 7.5 7.5
10 50 3.8 2 4 6.8 6.8
8 50 4.5 2 3.2 10.7 8.6
6 50 2.8 2.33 2.8 14 8.4
5b '200–300b 6b 4b 4b 20b 10b

4 50 9.5 3.1 2.5 17.3 7
4 50 8.5 3.25 2.6 16.1 6.5
2 50 9.5 4 1.6 43 8.6
2 50 17.5 4.5 1.8 33.6 6.7
2 50 15.6 5 2 27.5 5.5
2 50 14 5.75 2.3 20.7 4.2

aReference 27.
bReference 8.
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On the other hand, the presence of resonances sup
the picture of the barrier as a dielectric medium. In Table
we have now quotedf 1, c̄, and«/t according to the junction
width, which has shown to be the main parameter in
following discussion. The value ofc̄ increases with junction
width while «/t decreases. If we compare junctions of t
same width we observe that these parameters are
slightly dependent ofRN . Surprisingly«/t increases with the
resonant frequency, which is essentially fixed by the width
the resonant cavity. Thus the model for this resonator a
perfect dielectric medium is inadequate to explain this
pendence. We have extended this model toRLCparallel cir-
cuit. R accounts for the transport of quasiparticles (R5RN)
and C for the dielectric response of the barrier (C
5dw«0« r /t). Because of the large magnetic penetrat
depth of YBCO the kinetic inductance should also be tak
into account33 and may be expressed asL5Lk

' 1
4 m0lL@coth(d/2lL)1d/2lLsh2(d/2lL)#. Assuming for

the relative dielectric constant« r the value estimated fo
oxygen deficient YBCO,« r'5,34 andt'3 nm in accordance
with microscopy studies,35 we deduce that, whenw is in the
order of 10mm, the characteristic frequency of our circu
model f RLC51/(LC)1/2'1012s21, which is close to the val-
ues of f 1 reported in the literature~see Table II!. Moreover,
«/t appears to scale withw. Considering the dependence o
d and w of the elementsR, L and C we obtain f RLC

'G(w)1/2, whereG is a function exclusively dependent o
d. On the other hand, combining the expressions ofV1 andc̄,
f 15K/w(«/t)1/2 whereK is again a function exclusively de
pendent ond. Comparing these expressions, both reson
frequencies present similar values if the productw3«/t de-
pends only ond. In our experiments where the thickness
the samples was always fixed to 500 Å, we effectively ver
this scaling law, as can be seen in Table II. We have a
quoted data reported by other authors who have followed
same procedure to deducec̄ and«/t from Fiske and flux flow
resonances. According to our discussion a comparison
terms of«/t is only strictly possible for junctions of the sam
width and thickness, which is not the case.

We conclude that a simple circuit model can explain
dependencies of the electromagnetic parameters on the
ometry of the junction. Each element of the circuit has
clear physical meaning: the dielectric response of the m
rial reveals a peculiar barrier microstructure that can be
scribed in the context of the filamentary model, i.e., a dis
dered dielectric medium with a high density
superconducting filaments taken into account in an induc
behavior. Strictly, the kinetic inductance of the junctio
should depend on the number of superconducting filame
so on the junction width. However, data in Table II reve
that the electromagnetic parametersc̄ and «/t are only
slightly dependent on properties directly related with the fi
ment distribution such asRN andI C as discussed previously
For instance, junctions with similarRN ~4.5V! and widths of
30 mm and 10mm show values for«/t of 2.6 and 8.8 nm21,
respectively. Junctions with differentRN and samew present
very similar values of«/t. In this sense we believe that con
sideringL similar for all our junction widths is a good ap
proach, and depends mainly ond.
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B. He¿ irradiation effects

As a possible attempt to modify the microstructure a
the transport properties of the barrier, we have undertake
study of the effect of light ion irradiation at low energies o
our samples. The results obtained on a 2mm-wide junction
are shown in Fig. 1, whereI C(B), first Fiske step intensity
and I C(T) can be compared before and after irradiation. F
small junctions, the dose was fixed at 531013cm22. After
the implantation process a decrease in the critical temp
ture from 89 to 78 K can be observed. Bare GBJ-free p
terned YBCO microbridges with the same width and irra
ated with the same dose show very similar decrease inTC ,
confirming that damaging of the electrodes is responsible
changes inTC . In contrast, the reduction ofRN from 17.5 to
14.5V along with the increase ofI C(T) reveals the surpris-
ing conclusion of a stronger coupling behavior of the irra
ated boundary. Moreover, critical currents always decre
after irradiation in epitaxial GBJ-free films, so rises ofI C in
the bicrystalline films should be interpreted in terms of alt
ations in the barrier structure, at least qualitatively. We c
also observe in Fig. 1~b! an enhancement in the amplitude
the first Fiske step after irradiation, in good agreement w
the increase ofI C . Ion irradiation also induces a shift in th
position of these resonances that corresponds to an incr
in the Swihart velocity from 1.83106 to 2.03106 m/s and a
decrease in the«/t value from 33.6 to 23 nm21. The results
are in agreement with photoexcitation experiments8 where a
decrease in the ratio«/t is a consequence of a reduction
the normal resistance. In our experiments the shape of
I C(B) pattern is not modified by irradiation at any temper
ture indicating no significant changes in the current distrib
tion. The width of the oscillations decreases due to the
crease in the value oflL of the electrodes~i.e., a decrease o
TC). Comparing the flux density expression before and a
implantation, and considering thatF is unchanged, the rela
tion lafter5(DBbefore/DBafter)lbefore allows to determine the
change inl, and thuslL , and so the relation«/t after irra-
diation: lafter5479 nm at 15 K. This means a value oflL
5152 nm. Interestingly, the modified values of the penet
tion depth of epitaxial YBCO in the electrodes damaged
the implantation process can be assigned for each dose
lowing this procedure. The enhancement observed in
transparency of the barrier can be interpreted assuming
implantation promotes a partial structural rearrangem
preferentially in the more disordered region that is conc
trated in the barrier. This idea is in the same line as ear
electromigration experiments in YBCO microbridges co
taining grain boundaries where weak-link properties can
improved.6 The critical current can also be enhanced wh
samples are annealed in ozone, diffusion and oxygen d
ping is favored into the grain boundary.17 Experiments per-
formed on grain boundaries in other materials show that
fusion processes can also be activated by elec
irradiation.36

From our studies we conclude that at the higher do
(531014cm22! we always observe a degradation of the s
perconductivity of the electrodes and the coupling of t
barrier. However, the shape ofI C(B) is always maintained,
indicating again that the current distribution is not rema
ably altered. Only changes in the behavior of the junct
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from long to small regime can drastically modify the mod
lation of theI C(B) curve to a Fraunhofer diffractionlike pa
tern. As an example, we show in Fig. 2~a! the modification
of the diffraction pattern at 50 K of a 4mm-wide junction
after an irradiation process with dose 831013cm22. The
critical current decreases as shown in Fig. 2~b! andRN rises
from 7 to 13.5 V, corresponding to a Swihart velocit
change from 2.63106 to 2.23106 m/s and an increase of th
value of the ratio«/t from 16.1 to 18.6 nm21 at 20 K. The
critical temperature decreases from 88 to 75 K and the va
of lL increases up to 156 nm at 20 K. In this case irradiat
has induced a change of the junction parameters such tha
small junction behavior is approached: for instance at 50
the ratio w/lJ varies from 6 to 4 using the expressionlJ
5(f0/4pm0JCl)1/2 for the Josephson penetration depth.29

FIG. 2. Magnetic field dependence at 50 K~a! and temperature
dependence~b! of the critical current before~black dots! and after
irradiation ~white dots!. The dose is 831013 cm2 and the junction
width is 4 mm. The symmetry relationI C

1(1B)52I C
2(2B) is

obeyed.
.
ys

hy

F.
e
n
the
K

The improvement of weak-link properties only occu
when theTC of the electrode is not severely degraded
irradiation. In any caseI CRN product always decreases as
consequence of irradiation, in agreement with the degra
tion of TC of the electrodes. 65% of our irradiated micr
bridges~small and large junctions! showed an increase ofI C
for the lowest doses. This percentage indicates the degre
reproducibility of our experiments, but we believe that
may be ameliorated by finely tuning the correct dose for e
junction. A systematic study of the dose influence on
I C(B,T) curves,I CRN product, excess current, Fiske and flu
flow resonances will be published later.

IV. SUMMARY

Summarizing, despite the structural complexity of GBJ
we have shown that some important conclusions can be
tracted from the analysis of the transport and electromagn
parameters. We found that the value ofI C is mainly depen-
dent onRN and not on the width of the junction. This resu
has been explained assuming a random distribution of su
conducting filaments in the grain boundary. Considerint
similar in all the junctions,« deduced from Fiske resonance
is found to depend mainly onw. Varying w we obtain«( f 1)
relations that can be explained as a resonant behavior in
dielectric response of the barrier: a simple circuit model
counts for this mechanism if the kinetic inductance is tak
into account.

We have demonstrated the potential of light ion impla
tation as a tool to controllably modify these paramete
without remarkable alteration of critical current spatial d
tribution in the junction. The most interesting result is t
possibility to increase the critical current of GBJ’s althou
theTC of the electrodes is degraded. This result suggests
an atomic rearrangement in the barrier induced by ion tra
can take place, and may give complementary informat
about the nature of the microstructure of the junctions. T
opens new possibilities to tailora posteriori barrier perfor-
mances and hence devices based on Josephson junctio
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