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Electrical behavior of YBa,Cu3;0,_, grain boundary junctions
under low magnetic field
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DRFMC/SPSMS-CEA Grenoble, F-38054 Grenoble Cedex 09, France

(Received 22 November 1996; accepted for publication 27 March)1997

The characterization of high temperature superconductor grain boundary junctions under a magnetic
field in the mT range is reported. The devices were obtained by patterning narrow stripes in a
YBa,CuzO;_, (YBCO) film deposited on SrTi@ and MgO symmetric bi-crystal substrates.

To allow the investigation of devices having different current density, two grain boundary
disorientations were considered: 24° and 45° for SgTe#dd 24° for MgO. Current-voltage
characteristics as a function of the applied field for several temperatures have been collected. The
experimental data are discussed on the basis of the electrical parameters obtained for the different
substrates. The periodic modulation of the Josephson critical current with the magnetic field
indicates that the behavior of YBCO grain boundary junctions can be approximated by the standard
overlap junctions model. A comparison between the experimental variation of the critical current
with theoretical behavior allows for the determination of the current density distribution in the grain
boundary as a function of the ratio of the largest junction dimenisiand the Josephson penetration
depth\;. The nature of the barrier and the transport mechanism across the grain boundary is,
therefore, investigated; good agreement between the experimental results and the expected behavior
of a superconductor-insulator-superconductor structure where the barrier is intrinsically defective is
observed. ©1997 American Institute of Physics. [S0021-89787)03213-]

I. INTRODUCTION sic assumption of the former model is the existence of a thin
insulating layer. The lack of uniformity as well as density of
In high temperature superconducting materials, largehe [ocalized states in the barrier can account for the ob-
angle grain boundarie&GBs) behave like a weak link with  seryved experimental data. On the other hand, the two channel
resistively shunted junctioriRS) behavior: Despite the mqdel assumes that the interface between the grains consists
large amount of studies carried out on this behavior in thy 5 sequence of superconducting and normal channels. This
last few years, the mechanism underlying transport in the GBhannel network can either be randomly distriblitet

IS Stgl und(tar: debgte and ,St'” n'ottfuI]!y gnderstood.l th pinned onto a defective netwofkn both cases, the GB is
rom the microscopic point ot VIew, several au Orsintrinsically shunted and the junctions are strongly over-

have pointed out that the structure of a Y¥%BaO;_ damoed

(YBCO) film close to the GB consists of a network of dis- ped.

. : : . The combined effect of the faceting and of tlg_,-
locations at the nm scale while the macroscopic boundary is v of th ‘ q ibing th Y
a sequence of three-dimensiori8D) facets having typical space symmetry of the wave form describing the supercon-

dimensions of 10-100 nAT* The morphology of the GB ducting stgte og the transport propertieslpas been discussed
interface is commonly attributed to the island-growth mechaly Copettiet al.” and by Hilgenkampet al.™ They showed
nism. The dislocation network forms to compensate the mis‘ghat a .cons!derable part of. the reduction gf critical current of
match at the interface during the mutual coordination. How-2 GB junction can be attributed to the simultaneous occur-
ever, in the limit of the investigation techniques currentlyrénce of these phenomena and the particular case of a 45°
available, no impurity phases have been found to date. Sinc@ymmetric GB is discussed therein. The non-Fraunhofer-
a normal-conducting phase is absent in the phase-diagram ke dependence of the Josephson critical current under a
YBCO, the interface of the GB cannot be associated withmagnetic field in small junctions can be explained by the
either an insulator or a normal-conductor or a semiconductopccurrence of facetting and the space symmetry,
barrier. simultaneously’

To explain the electrical behavior of this kind of Furthermore, the role of random occurring defects inside
structure, two main models have been proposed: théhe barrier on the electrical behavior of a conventional
defective insulating barrier model, hereafter referred to as agI* S junction under magnetic field was recently discussed by
superconductor-insulator-semiconductor*(§) structure, at  |tzler et al.'* They showed that columnar defects induced in
the GB interface proposed by Grossal.>® and the two  the barrier act as pinning centers for the Josephson vortices.
channel model of Moecklest al.” and by Sarnellf. The ba-  The presence of these vortices significantly change the Jo-
sephson current distribution and, therefore, the electrical be-
dE|ectronic mail: nicoletti@area.bo.cnr.it havior of the device.
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The main focus of this work is the characterization of T T T T T T

YBCO grain boundary junctions fabricated on Srfiénd 1.0~ 1
MgO symmetrical bi-crystal substrates. For each sample, we

have collected the current-voltage-Y) characteristics un- 0.81 ]
der a magnetic fieldH) in the mT range, at various tem- -

peratures. The obtained results are discussed by comparin %O or i

the experimental data with the expected behavior for differ- = |
ent junction configurations as a function of the Josephson w04 :::STOZ“
penetration depth ;. The nature of the barrier and the trans- MGO24

. . . . 0.2} —®—STO45
port mechanism across the grain boundary is, therefore, in- 7| ... “Direct” Tunneling

vestigated. 0.0F T "Resonant” Tunneling

0.0 02 0.4 0.6 0.8 1.0

Il. EXPERIMENT T/TC

We Co_nSider three different Sample_s fabricated on SYMeiG. 1. Temperature dependence of Josephson critical current for junctions
metrical bi-crystal substrates: @01)-oriented MgO sub-  fabricated or() 24° SITIO,, () 24° MGO, and®) 45° SITiO, bi-crystal
strate with a 24° tilted GB and tw@O02l)-oriented SrTiQ  samples. The values are scaled with respecT¢oand ;¢ r-ok. The
substrates with 24° and 45° tilted GBs reSpeCti\}ély'.O dashed and the dotted lines show, respectively, the theoretical behavior for

: . X “direct” and “resonant” tunneling transport mechanisms through a defec-
decrease the preferential erosion along the GB, always four}@gﬁﬁsulaﬁn .

- . ! g barrier.
to be present in bi-crystal samplethe substrates were care-
fully repolished before the deposition and the boundary
grove was, therefore, reduced to 5 nm. The superconducting ] ] ]
film was deposited by the pulsed laser ablation technique; thgarrier for two different transport mechanisms through this
180-nm-thick YBCO layer was deposited at 720 °C in type of barrier. Their relevance on the results presented here
40 Pa Q dynamical pressure at a rate of 0.06 nm/s. AfterWill be discussed later.
the deposition, the samples were slowly cooled in 500 hPa of Under magnetic field, the total Josephson current of a
oxygen. The films were then patterned by a standard phot@Ven junction is strongly dependent on the Josephson pen-
lithographic technique followed by Xe ion milling at 300 eV. etration depth; and on the applied field itself. In a uniform
After the patterning, we obtained several stripes of differenfunction, two rgference_ behaviors can distinguished as a
widths onto each sample. A more detailed discussion of thé!nction of A;.™ If the junction dimensions are small in
fabrication procedure is reported in our previous papets. comparison with;, then the magnetic field inside the junc-

The electrical characterization was performed in allon IS constant and equal to the applied field, while the
double shielded Dewar. The samples were mounted on ghase shows a linear space variation along the barrier. The
cryogenic probe, allowing measurements down to liquid hefurrent den;ity is perigdically modulateq, giving the typical
lium temperature. The magnetic field was applied using 4 raunhofer-like behavior ofc as a function ofH. On the
small coplanar coil wound around the sample such that thEontrary, ifA, is smaller than the junction dimensions, then
magnetic field was perpendicular to the sample surface anfj€ field self-generated by the bias current is non-negligible.
parallel to the macroscopic GB. TheV characteristics were 1€ magnetic field inside the junction differs from the ap-
collected using a fully computer controlled setup. The criti-Plied field by the contribution from the self-field and the
cal current valued,, ¢, were evaluated as the current corre- phase variation is no longer linear along the barrier. Conse-

sponding to a 1wV voltage drop across the junction. quently, the current distributiod(x) is modulated by both
the self-field and the applied field.

In our case, the magnetic field was applied parallel to the
. RESULTS AND DISCUSSION macroscopic GB and perpendicular to the largest junction
dimension, that is, the siZe of the patterned stripe. Hence,
The |-V characteristic has been measured as a functiomwe can analyze the behavior of the GB junctions under a
of the applied magnetic field at different temperatures formagnetic field by comparing the electrical measurements as
each sample. Figure 1 shows the temperature dependenceafunction of the ratioL/\;. Table | shows the significant
the Josephson critical currelntc for each series of junctions parameters for each set of junctions at various temperatures.
considered here; the values are scaled with respect to thehe \ ; values were calculated by taking the values recently
critical temperatureT, and the critical current af=0 K, measured by de Vaulchiet al.*® for the London penetration
l;c1-0k. Since all of the samples exhibit a similar behav-depth\ . In view of these results, we can analyze the be-
ior, we conclude that the basic transport mechanism is intrinhavior of the GB junctions in the different regimesh ;=1
sic to the GB and is not affected by either the disorientatiorby comparing the 5um large junctions fabricated on the
angle or by the misfit with respect to the substrate materialdifferent samples.
Consequently, the discussion of the results will be focused In Fig. 2 we report thé-V characteristics as a function
mainly on the transport behavior, regardless of the structuradf the applied magnetic fieldl taken for the junction fabri-
properties of each GB. Figure 1 also shows the theoreticatated on the 45° SrTigsample at 4.2 K. Sinck; is 3.4 um
behavior obtained under the assumption of ahSSunction  for this sample, a Fraunhofer-like diffraction pattern of the
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TABLE I. Electrical parameters of the junctions fabricated on the three

different substrates at various temperatures. 100 [ 1
o * Exp. Data
T Jic Ry-A I3cRy N; g0t Fit
Substrate K) (Alcmd  (Q umd)  (wV)  (um) [ =131 pA
—_ I, =76+ 13pA
42  6.6x10° 3.0 221 3.4 < 6ot .
SITiO, 30 6.1x 10° 2.9 193 35 =
45° bi-crystal 60 1.x10° 25 31 7.4 1)
77 3.8 10 2.5 1.1 - — 407 1
42  1.0x10° 0.44 440 11
MgO 30 7.4¢10" 0.44 326 1.2 2071 ]
24° bi-crystal 60 8.6010° 0.44 35 2.7
77 4.9< 10 0.44 2.2 - . L . . L
-0.250 -0.125 0.000 0.125 0.250
42  3.3x10° 0.56 1848 0.48
SITiO; 30 2.5<10° 0.55 1375 0.54 H (mT)
24° bi-crystal 60 9.x10 0.57 524 0.83
77 1.0x 10 - ~56 - FIG. 3. Comparison of thé; ¢ vs H data of Fig. 2(®) and the simulated

curve obtained with the assumption of a nonuniform current density distri-
bution as given by1) (solid line). The parameters of the simulation are
reported in the inset.

Josephson current is expected for this junction. We always

observe two different phenomena, even at higher tempera- P K?
ture. The Josephson critical currentc is modulated peri- ' 30”‘ =lrestlcmX D \2
odically by the magnetic field with the appearance of well K2+ ‘Fo)

defined minima and maxima as a functiontdéf However,
even when thd;c reach the minima, we still observe a (N D
nonvanishing Josephson current. The intensity of the satellite T o, N7 o, o
maxima are clearly more pronounced than those expected for +cog 7 —||, (2

. . . . x tanh(«) D,
a small uniform junction. To evaluate the residual current,
thel; ¢ vs H curve was simulated by considering a nonuni-where the ratisb/®, is the magnetic field given in quantum

form current density distribution over the barrier, given by flux units®,. Figure 3 presents these results along with the
the formula®® experimental data. The dashed line represents the best fit

obtained under the hypothesis of a residual curtgpteither
- constant or slightly dependent ¢, whenH is in the mT
coshxL/2) range. The parameters of the simulation are reported in the
uniformity in the device. The analytical formula for the Jo- eported in Figs. 2 and 3, giving a modulation period nearly

sephson current flowing in the junction is, therefore, givenindependent of the temperature. _ _
by:15 The differentl ; ¢ values as a function afl for a junc-

tion fabricated on the 24° MgO sample at 4.2, 30, and 60 K
are shown in Fig. 4. Sincd,; changes from 1.km at 4.2 K

COSH kX)

J(x)=J, 1)

0.80 T y T T
n —T=42K
I _}'\_ T T=30K ||
<« AOGO ] x\ T=60 K
£ z )
= ~— I i % 4
2040 \\

i g, ‘ J
0.8 0.20 f \Nf R
&f'-.“ w . JJ }{ff.. .
0.0 0.00 P e Al e T ot .
01 9 08 V (mV) 2050 0.25 -0.00 0.25 0.50
H (mT) H (mT)

FIG. 2. 1-V characteristics vs the applied magnetic fieldaken on 5um-
wide junction fabricated on a 45° SrTi®i-crystal sample at 4.2 K.

FIG. 4. Josephson critical current vs applied magnetic field fopaBwide
junction fabricated on a 24° MgO bi-crystal sample at 4.2, 30, and 60 K.
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0.5F ¢ Exp. Data
— Fit
I =0.07£0.02 mA

I =0.42+0.05mA

H (mT)

FIG. 5. Comparison of thk; ¢ vsH data at 30 K for the junction fabricated
on 24° MgO bi-crystal sample# ) and the simulated curve obtained apply-
ing the fitting procedure of Fig. 8olid line). The parameters of the simu-
lation are reported in the inset.

FIG. 6. |-V characteristics vs the applied magnetic fieldtaken for the
junction fabricated on a 24° SrTi(i-crystal sample at 30 K.

sibility of vortex trapping in the electrodes close to the bar-

to 2.7 um at 60 K for this junction, we expect a CrOSSOVerrier have to be considered. The relevance of these occur-

from long junction to small junction behavior by increasing ¢M¢€s will be d_|scussed Iater_. . .
the temperature. However, comparison of the different plots To summarize the experimental data pre_s_ented in this
shows that, as the temperature is increased, the curve pwork, we have observed that the Josephson critical current of
comes irregular and asymmetric. The Josephson current [8€ Junctions are periodically or quasi-periodically modu-
modulated by the magnetic field with the appearance of typi:ated by the applied magnetic field, independent of the GB
cal lobes, but at the minima a nonvanishing superconducting'sor',emat'o_n' These results are among the best reported to
current still flows in the junction. At a low temperature, we J2t€ in the literature. We have also observed thal jhedo

also observe the slight asymmetry of thepattern while the not vanish aF the minima, indicatir)g that part of thileoseph-
periodicity as a function of is quite irregular. This effect SON current is not modulated By in the range considered
was partly screened at lower temperatures, but becomes eV1€"®: _ o .
dent when the temperature increases and the coupling be- We now discuss the transport mechanism in the barrier.
tween the carriers is weaker. Figure 5 compares the curvEN€ coexistence of the superconductor and the normal-
calculated following the previously described fitting proce-conductor channels postulated in Refs. 7 and 8 are not con-
dure with the experimenta} c vs H data taken at 30 K. The sistent with glther_ the umform decrease of the mean .crlgcal
parameters of the simulation are reported in the inset. Even ffurrent at high fieltf or with the unambiguous periodic
the periodic modulation is reproduced, the simulation resultgndulation of the critical current under low magnetic field
do not exactly fit the measured curve. However, we observ@2Served for our samples. On the contrary, the behavior of

that the best results were obtained by introducing a bias cufUr junction can be explained by the assumption of an insu-
rent | e either constant or slightly dependent on the mag_latlng GB barrier containing a high density of localized states
netic field in the mT range. providing the intrinsic shunt for the junction. In fact, if the

Figure 6 display the-V characteristics taken for differ-
ent values ofH on a junction fabricated on a 24° tilted
SrTiO; bi-crystal at 30 K. As reported in Table I, even at 60
K, A3<1 um. The typical periodic modulation of the critical "  Exp.Data
current with the overlap of the adjacent lobes, reported in Fit
Fig. 6, agrees well with the behavior of a long junction under __ 047 . I =010£0.02mA
a magnetic field expected for this device. Figure 7 comparesg . o 0.39 £ 0.04 mA
the experimental data with the theoretical curve calculated = 0
following the procedure developed by Pagagtcal.l’ for Q
long junctions under a magnetic field. We first note that the
best fit can be obtained only by considering a current com-
ponentl ges Slightly dependent o in the examined range.
Even if the fitting procedure quite adequately reproduces the , ‘ , ,
period, the amplitude of the modulation is larger than the 0.0 0.1 0.2 03 0.4 0.5
expected amplitude. The origin of this phenomenon is still H (mT)
unclear. However, for a comprehensive analysis of the
Ic(T) andlc(H) behavior, both the thermal noise influence i, 7. comparison of the, ¢ vs H data of Fig. 6(W) and the simulated
on thel-V characteristic at high temperattff@nd the pos- curve calculated following the procedure described in Ref. 17.

T T T T T
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barrier is uniform on the scale of the Josephson penetratioexponential decay of this envelope provides further evidence
depth, then an 3B structure such as that proposed by Gros®of the SIS nature of the barrier in the GB. However, in the
et al.>® can account for the experimental behavior presentedhT range, a perfect periodic Fraunhofer-likec vs H de-
here. Furthermore, the occurrence of electromagnetic res@endence has not been reported to date for YBCO GB junc-
nances in our sampl&s?! indicates the dielectric nature of tions and the persistence of a non-negligible Josephson cur-
the grain boundary in such a junctiéh. rent at the minima has also been reported elsewteFais

The deviations of thé; ¢ vs H from the Fraunhofer-like behavior, attributed to the intrinsically inhomogeneous and
dependence has also been ascribed to the mutual occurrerdgfective nature of the barrier, seems to be a common feature
of facetting andd,2_,2 space symmetry. The facetting has of the high temperature superconducting junctions. However,
been found to occur at all length scales between the nm arithe former conjecture is no longer valid once the experimen-
the um regime. In the frame of the theory discussed in Reftal I; c(H) curve can be correlated with a current density
10, the effect becomes more prominent as the disorientatio@iistribution in the device; that is, for example, the case re-
angle increases. In particular, in the case of a symmetric 4390rted in Figs. 3 and 7. Therefore, our results can be ex-
tilted GB, the grains will coordinate by mainly facetting the plained only in the view of a current component decreasing
(110 plane and th¢100) plane. If we apply the model to this slightly with the magnetic field. Nevertheless, our results are
structure, then we obtain a null critical current. The directnot exhaustive and further investigations are needed to
observation of this GB morphology was not available sinceclarify this occurrence and its nature.
the 45° SrTiQ sample broke during the experiment. How-  Finally, we discuss the temperature dependence of the
ever, this morphology can be assumed similar to those abosephson current. We have previously discussed the trans-
ready presented in the literature, that is, with the typical facPort properties of the GB junctions, showing how our data
etting structure over the length of tens of And. By agree with the hypothesis of an intrinsically shunted Sl
comparing the model with the experimental data, we observBarrier. The conduction mechanism in such a barrier has
a substantial discrepancy between the results of Ref. 10 arRgen investigated from a theoretical point of view. While
the periodic variations OfJ,C measured under a magnetic HalbritteI23'24 indicates that the classical tunnel of Cooper
field for our GB junctions_ We can, therefore, conclude tha]pairs across such an intl’inSicaIIy defective barrier is a main
the relevance of the mutual occurrence of facetting andnechanism for conduction, Devyatov and Kupriyafiov
d,2_,2 space symmetry on the magnetic behavior of the GBVere able to show that the transport of superconducu_ng car-
junctions, if any, is critically dependent on the facettingiers can also be accounted for by resonant tunnelling via
plane and is not relevant in our case. localized states in the barrier. The temperature variation of

The asymmetric behavior observed for the junctions fabthe critical current; o(T) calculated following the models
ricated on MgO can be explained by considering the vorte>&re presenteq in Fig. 1 together with the experimental resqlts.
pinning. In fact, the intrinsic restraint generated by theThe dotted line represents the data obtained by numerical
substrate-to-film mismatch results in the formation of ex-calculation in the case of resonant tunneling for the suppres-
tended defects even in the GB region. Following the result§ion parameteF’, =100 while the dashed line gives the
of Itzler and Tinkham! these defects at the GB interface can vVariation of Fhelzg as calculated under the hypothesis of “di-
explain the strong modifications in the current distribution™ct” tunneling*#* Since neither “direct” nor “resonant”
across the barrier and the presence of Josephson vortd#neling can fit the experimental data over the whole tem-
pinned on them can account for the asymmetry inltyevs perature range, we cannot discriminate between the proposed
H curve. On the other hand, due to the large demagnetizatiofj@nSPort mechanisms. However, close to zero the data are
factor of a stripe line, the local magnetic field can be higheritted most accurately by the “resonant” tunneling model,
than the lower critical fieldH ¢ , of the electrodes. Under this while close toT¢ the “direct” tunneling model gives the
assumption, Abrikosov vortex stars penetrate the YBCONOre aqcurate fit. This result suggegt that both mechanisms
layer, those in the GB region interacting strongly with the ©cCUr simultaneously and, depending on the temperature
current distribution in the junction. This phenomenon may'@nge. one of them will dominate the conduction process.
account for the observed irregularities, particularly when the
ter_nperature is high aridC,; is !ow. However, these irregu- IV. CONCLUSIONS
larities were observed mainly in the MgO samples while the
quality of the YBCO films was comparable between the  The characterization of YBCO grain boundary junctions
samples (highly textured c-oriented films with Jc.  fabricated on SrTi@ and MgO symmetric bi-crystal sub-
=10° A/lcm? at 77 K). For these reasons, we believe that thestrates under a magnetic field in the mT range have been
asymmetric behavior should be attributed to the presence @xported. For each sample we have collectedl the char-
Josephson vortex pinned by defects, as discussed in Ref. 1dcteristics as a function of the applied magnetic fi¢ld @t

We now discuss the occurrence of the residual currentarious temperatures. The experimental data show that the
under magnetic field in the mT regime. The investigation ofJosephson critical current is periodically or quasi-
the junction behavior under a magnetic field provides infor-periodically modulated by the applied magnetic field, inde-
mation on the current density distribution across the barriempendent of the GB disorientation. The periodic modulations
In particular, as pointed out in Ref. 19, the envelope of theof I; - by the magnetic field indicate that the behavior of
I curve measured fod increasing up to several T can be YBCO grain boundary junctions can be approximated by the
correlated with the conduction mechanism in the barrier; thestandard overlap junctions model.
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