
Electrical behavior of YBa2Cu3O7−x grain boundary junctions under low
magnetic field
S. Nicoletti and J.-C. Villegier 
 
Citation: J. Appl. Phys. 82, 303 (1997); doi: 10.1063/1.366280 
View online: http://dx.doi.org/10.1063/1.366280 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v82/i1 
Published by the American Institute of Physics. 
 
Related Articles
Frequency dependent dielectric properties of Cu0.5Tl0.5Ba2Ca2(Cu3-yMy)O10-δ superconductor 
J. Appl. Phys. 111, 013920 (2012) 
Nucleation of ReBa2Cu3Ox (Re=rare-earth) during high-rate metal-organic chemical vapor deposition growth 
J. Appl. Phys. 110, 123904 (2011) 
Interface engineering using ferromagnetic nanoparticles for enhancing pinning in YBa2Cu3O7−δ thin film
 
J. Appl. Phys. 110, 113920 (2011) 
35.4T field generated using a layer-wound superconducting coil made of (RE)Ba2Cu3O7−x (RE = rare earth)
coated conductor 
Appl. Phys. Lett. 99, 202506 (2011) 
Andreev nanoprobe of half-metallic CrO2 films using superconducting cuprate tips 
Appl. Phys. Lett. 99, 192508 (2011) 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

Downloaded 31 Jan 2012 to 132.168.10.233. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://jap.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/50727061/x01/AIP/Lakeshore_JAPCovAd_728x90Banner_01_27_12/JAP_CoverAd_020112.jpg/774471577530796c2b71594142775935?x
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=S. Nicoletti&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=J.-C. Villegier&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.366280?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v82/i1?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3673307?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3670030?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3665874?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3662963?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3659411?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


Electrical behavior of YBa2Cu3O72x grain boundary junctions
under low magnetic field
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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
YBa2Cu3O72x ~YBCO! film deposited on SrTiO3 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 SrTiO3 and 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 dimensionL and the Josephson penetration
depth lJ . 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. @S0021-8979~97!03213-1#

I. INTRODUCTION

In high temperature superconducting materials, large
angle grain boundaries~GBs! behave like a weak link with
resistively shunted junction~RSJ! behavior.1 Despite the
large amount of studies carried out on this behavior in the
last few years, the mechanism underlying transport in the GB
is still under debate and still not fully understood.

From the microscopic point of view, several authors
have pointed out that the structure of a YBa2Cu3O72x

~YBCO! film close to the GB consists of a network of dis-
locations at the nm scale while the macroscopic boundary is
a sequence of three-dimensional~3D! facets having typical
dimensions of 10–100 nm.2–4 The morphology of the GB
interface is commonly attributed to the island-growth mecha-
nism. The dislocation network forms to compensate the mis-
match at the interface during the mutual coordination. How-
ever, in the limit of the investigation techniques currently
available, no impurity phases have been found to date. Since
a normal-conducting phase is absent in the phase-diagram of
YBCO, the interface of the GB cannot be associated with
either an insulator or a normal-conductor or a semiconductor
barrier.

To explain the electrical behavior of this kind of
structure, two main models have been proposed: the
defective insulating barrier model, hereafter referred to as an
superconductor-insulator-semiconductor (SI*S) structure, at
the GB interface proposed by Grosset al.5,6 and the two
channel model of Moeckleyet al.7 and by Sarnelli.8 The ba-

sic assumption of the former model is the existence of a thin
insulating layer. The lack of uniformity as well as density of
the localized states in the barrier can account for the ob-
served experimental data. On the other hand, the two channel
model assumes that the interface between the grains consists
of a sequence of superconducting and normal channels. This
channel network can either be randomly distributed7 or
pinned onto a defective network.8 In both cases, the GB is
intrinsically shunted and the junctions are strongly over-
damped.

The combined effect of the faceting and of thedx22y2

space symmetry of the wave form describing the supercon-
ducting state on the transport properties has been discussed
by Copettiet al.9 and by Hilgenkampet al.10 They showed
that a considerable part of the reduction of critical current of
a GB junction can be attributed to the simultaneous occur-
rence of these phenomena and the particular case of a 45°
asymmetric GB is discussed therein. The non-Fraunhofer-
like dependence of the Josephson critical current under a
magnetic field in small junctions can be explained by the
occurrence of facetting and the space symmetry,
simultaneously.10

Furthermore, the role of random occurring defects inside
the barrier on the electrical behavior of a conventional
SI*S junction under magnetic field was recently discussed by
Itzler et al.11 They showed that columnar defects induced in
the barrier act as pinning centers for the Josephson vortices.
The presence of these vortices significantly change the Jo-
sephson current distribution and, therefore, the electrical be-
havior of the device.a!Electronic mail: nicoletti@area.bo.cnr.it
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The main focus of this work is the characterization of
YBCO grain boundary junctions fabricated on SrTiO3 and
MgO symmetrical bi-crystal substrates. For each sample, we
have collected the current-voltage (I-V) characteristics un-
der a magnetic field (H) in the mT range, at various tem-
peratures. The obtained results are discussed by comparing
the experimental data with the expected behavior for differ-
ent junction configurations as a function of the Josephson
penetration depthlJ . The nature of the barrier and the trans-
port mechanism across the grain boundary is, therefore, in-
vestigated.

II. EXPERIMENT

We consider three different samples fabricated on sym-
metrical bi-crystal substrates: a~001!-oriented MgO sub-
strate with a 24° tilted GB and two~001!-oriented SrTiO3

substrates with 24° and 45° tilted GBs, respectively.12 To
decrease the preferential erosion along the GB, always found
to be present in bi-crystal samples,2 the 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; the
180-nm-thick YBCO layer was deposited at 720 °C in
40 Pa O2 dynamical pressure at a rate of 0.06 nm/s. After
the deposition, the samples were slowly cooled in 500 hPa of
oxygen. The films were then patterned by a standard photo-
lithographic technique followed by Xe ion milling at 300 eV.
After the patterning, we obtained several stripes of different
widths onto each sample. A more detailed discussion of the
fabrication procedure is reported in our previous papers.13,14

The electrical characterization was performed in a
double shielded Dewar. The samples were mounted on a
cryogenic probe, allowing measurements down to liquid he-
lium temperature. The magnetic field was applied using a
small coplanar coil wound around the sample such that the
magnetic field was perpendicular to the sample surface and
parallel to the macroscopic GB. TheI-V characteristics were
collected using a fully computer controlled setup. The criti-
cal current values,IJ,C , were evaluated as the current corre-
sponding to a 10mV voltage drop across the junction.

III. RESULTS AND DISCUSSION

The I-V characteristic has been measured as a function
of the applied magnetic field at different temperatures for
each sample. Figure 1 shows the temperature dependence of
the Josephson critical currentIJ,C for each series of junctions
considered here; the values are scaled with respect to the
critical temperature,TC , and the critical current atT50 K,
IJ,C,T50 K . Since all of the samples exhibit a similar behav-
ior, we conclude that the basic transport mechanism is intrin-
sic to the GB and is not affected by either the disorientation
angle or by the misfit with respect to the substrate material.
Consequently, the discussion of the results will be focused
mainly on the transport behavior, regardless of the structural
properties of each GB. Figure 1 also shows the theoretical
behavior obtained under the assumption of an SI*S junction

barrier for two different transport mechanisms through this
type of barrier. Their relevance on the results presented here
will be discussed later.

Under magnetic field, the total Josephson current of a
given junction is strongly dependent on the Josephson pen-
etration depthlJ and on the applied field itself. In a uniform
junction, two reference behaviors can distinguished as a
function of lJ .15 If the junction dimensions are small in
comparison withlJ , then the magnetic field inside the junc-
tion is constant and equal to the applied field, while the
phase shows a linear space variation along the barrier. The
current density is periodically modulated, giving the typical
Fraunhofer-like behavior ofIC as a function ofH. On the
contrary, if lJ is smaller than the junction dimensions, then
the field self-generated by the bias current is non-negligible.
The magnetic field inside the junction differs from the ap-
plied field by the contribution from the self-field and the
phase variation is no longer linear along the barrier. Conse-
quently, the current distributionJ(x) is modulated by both
the self-field and the applied field.

In our case, the magnetic field was applied parallel to the
macroscopic GB and perpendicular to the largest junction
dimension, that is, the sizeL of the patterned stripe. Hence,
we can analyze the behavior of the GB junctions under a
magnetic field by comparing the electrical measurements as
a function of the ratioL/lJ . Table I shows the significant
parameters for each set of junctions at various temperatures.
The lJ values were calculated by taking the values recently
measured by de Vaulchieret al.16 for the London penetration
depthlL . In view of these results, we can analyze the be-
havior of the GB junctions in the different regimesL/lJ.

<1
by comparing the 5mm large junctions fabricated on the
different samples.

In Fig. 2 we report theI-V characteristics as a function
of the applied magnetic fieldH taken for the junction fabri-
cated on the 45° SrTiO3 sample at 4.2 K. SincelJ is 3.4mm
for this sample, a Fraunhofer-like diffraction pattern of the

FIG. 1. Temperature dependence of Josephson critical current for junctions
fabricated on~j! 24° SrTiO3, ~l! 24° MGO, and~d! 45° SrTiO3 bi-crystal
samples. The values are scaled with respect toTC and IJ,C,T50 K . The
dashed and the dotted lines show, respectively, the theoretical behavior for
‘‘direct’’ and ‘‘resonant’’ tunneling transport mechanisms through a defec-
tive insulating barrier.
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Josephson current is expected for this junction. We always
observe two different phenomena, even at higher tempera-
ture. The Josephson critical currentIJ,C is modulated peri-
odically by the magnetic field with the appearance of well
defined minima and maxima as a function ofH. However,
even when theIJ,C reach the minima, we still observe a
nonvanishing Josephson current. The intensity of the satellite
maxima are clearly more pronounced than those expected for
a small uniform junction. To evaluate the residual current,
the IJ,C vs H curve was simulated by considering a nonuni-
form current density distribution over the barrier, given by
the formula:15

J~x !5J0

cosh~kx !

cosh~kL/2!
, ~1!

whereJ0 is the maximum current density,L is the largest
junction size, andk is a parameter accounting for the non-
uniformity in the device. The analytical formula for the Jo-
sephson current flowing in the junction is, therefore, given
by:15

IS F
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1cosS p

F
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DU , ~2!

where the ratioF/F0 is the magnetic field given in quantum
flux units F0 . Figure 3 presents these results along with the
experimental data. The dashed line represents the best fit
obtained under the hypothesis of a residual currentIReseither
constant or slightly dependent onH, whenH is in the mT
range. The parameters of the simulation are reported in the
inset. It is worth noting that theIJ,C vs H curves obtained for
this sample at 30 and 60 K follow a similar behavior to that
reported in Figs. 2 and 3, giving a modulation period nearly
independent of the temperature.

The differentIJ,C values as a function ofH for a junc-
tion fabricated on the 24° MgO sample at 4.2, 30, and 60 K
are shown in Fig. 4. Since,lJ changes from 1.1mm at 4.2 K

TABLE I. Electrical parameters of the junctions fabricated on the three
different substrates at various temperatures.

Substrate
T

~K!

JJ,C

(A/cm2)
RN•A

(V mm2)
IJ,CRN

~mV!

lJ

~mm!

4.2 6.63103 3.0 221 3.4
SrTiO3 30 6.13103 2.9 193 3.5
45° bi-crystal 60 1.13103 2.5 31 7.4

77 3.83101 2.5 1.1 -

4.2 1.03105 0.44 440 1.1
MgO 30 7.43104 0.44 326 1.2
24° bi-crystal 60 8.03103 0.44 35 2.7

77 4.93102 0.44 2.2 -

4.2 3.33105 0.56 1848 0.48
SrTiO3 30 2.53105 0.55 1375 0.54
24° bi-crystal 60 9.23104 0.57 524 0.83

77 1.03104 - ;56 -

FIG. 2. I-V characteristics vs the applied magnetic fieldH taken on 5-mm-
wide junction fabricated on a 45° SrTiO3 bi-crystal sample at 4.2 K.

FIG. 3. Comparison of theIJ,C vs H data of Fig. 2~d! and the simulated
curve obtained with the assumption of a nonuniform current density distri-
bution as given by~1! ~solid line!. The parameters of the simulation are
reported in the inset.

FIG. 4. Josephson critical current vs applied magnetic field for a 5-mm-wide
junction fabricated on a 24° MgO bi-crystal sample at 4.2, 30, and 60 K.
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to 2.7 mm at 60 K for this junction, we expect a crossover
from long junction to small junction behavior by increasing
the temperature. However, comparison of the different plots
shows that, as the temperature is increased, the curve be-
comes irregular and asymmetric. The Josephson current is
modulated by the magnetic field with the appearance of typi-
cal lobes, but at the minima a nonvanishing superconducting
current still flows in the junction. At a low temperature, we
also observe the slight asymmetry of theIC pattern while the
periodicity as a function ofH is quite irregular. This effect
was partly screened at lower temperatures, but becomes evi-
dent when the temperature increases and the coupling be-
tween the carriers is weaker. Figure 5 compares the curve
calculated following the previously described fitting proce-
dure with the experimentalIJ,C vs H data taken at 30 K. The
parameters of the simulation are reported in the inset. Even if
the periodic modulation is reproduced, the simulation results
do not exactly fit the measured curve. However, we observe
that the best results were obtained by introducing a bias cur-
rent IRes either constant or slightly dependent on the mag-
netic field in the mT range.

Figure 6 display theI-V characteristics taken for differ-
ent values ofH on a junction fabricated on a 24° tilted
SrTiO3 bi-crystal at 30 K. As reported in Table I, even at 60
K, lJ,1 mm. The typical periodic modulation of the critical
current with the overlap of the adjacent lobes, reported in
Fig. 6, agrees well with the behavior of a long junction under
a magnetic field expected for this device. Figure 7 compares
the experimental data with the theoretical curve calculated
following the procedure developed by Paganoet al.17 for
long junctions under a magnetic field. We first note that the
best fit can be obtained only by considering a current com-
ponentIRes slightly dependent onH in the examined range.
Even if the fitting procedure quite adequately reproduces the
period, the amplitude of the modulation is larger than the
expected amplitude. The origin of this phenomenon is still
unclear. However, for a comprehensive analysis of the
IC(T) and IC(H) behavior, both the thermal noise influence
on theI-V characteristic at high temperature18 and the pos-

sibility of vortex trapping in the electrodes close to the bar-
rier have to be considered. The relevance of these occur-
rences will be discussed later.

To summarize the experimental data presented in this
work, we have observed that the Josephson critical current of
the junctions are periodically or quasi-periodically modu-
lated by the applied magnetic field, independent of the GB
disorientation. These results are among the best reported to
date in the literature. We have also observed that theIJ,C do
not vanish at the minima, indicating that part of this Joseph-
son current is not modulated byH in the range considered
here.

We now discuss the transport mechanism in the barrier.
The coexistence of the superconductor and the normal-
conductor channels postulated in Refs. 7 and 8 are not con-
sistent with either the uniform decrease of the mean critical
current at high field19 or with the unambiguous periodic
modulation of the critical current under low magnetic field
observed for our samples. On the contrary, the behavior of
our junction can be explained by the assumption of an insu-
lating GB barrier containing a high density of localized states
providing the intrinsic shunt for the junction. In fact, if the

FIG. 5. Comparison of theIJ,C vs H data at 30 K for the junction fabricated
on 24° MgO bi-crystal sample~l! and the simulated curve obtained apply-
ing the fitting procedure of Fig. 3~solid line!. The parameters of the simu-
lation are reported in the inset.

FIG. 6. I-V characteristics vs the applied magnetic fieldH taken for the
junction fabricated on a 24° SrTiO3 bi-crystal sample at 30 K.

FIG. 7. Comparison of theIJ,C vs H data of Fig. 6~j! and the simulated
curve calculated following the procedure described in Ref. 17.
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barrier is uniform on the scale of the Josephson penetration
depth, then an SI*S structure such as that proposed by Gross
et al.5,6 can account for the experimental behavior presented
here. Furthermore, the occurrence of electromagnetic reso-
nances in our samples20,21 indicates the dielectric nature of
the grain boundary in such a junction.22

The deviations of theIJ,C vs H from the Fraunhofer-like
dependence has also been ascribed to the mutual occurrence
of facetting anddx22y2 space symmetry. The facetting has
been found to occur at all length scales between the nm and
the mm regime. In the frame of the theory discussed in Ref.
10, the effect becomes more prominent as the disorientation
angle increases. In particular, in the case of a symmetric 45°
tilted GB, the grains will coordinate by mainly facetting the
~110! plane and the~100! plane. If we apply the model to this
structure, then we obtain a null critical current. The direct
observation of this GB morphology was not available since
the 45° SrTiO3 sample broke during the experiment. How-
ever, this morphology can be assumed similar to those al-
ready presented in the literature, that is, with the typical fac-
etting structure over the length of tens of nm.2–4 By
comparing the model with the experimental data, we observe
a substantial discrepancy between the results of Ref. 10 and
the periodic variations ofIJ,C measured under a magnetic
field for our GB junctions. We can, therefore, conclude that
the relevance of the mutual occurrence of facetting and
dx22y2 space symmetry on the magnetic behavior of the GB
junctions, if any, is critically dependent on the facetting
plane and is not relevant in our case.

The asymmetric behavior observed for the junctions fab-
ricated on MgO can be explained by considering the vortex
pinning. In fact, the intrinsic restraint generated by the
substrate-to-film mismatch results in the formation of ex-
tended defects even in the GB region. Following the results
of Itzler and Tinkham,11 these defects at the GB interface can
explain the strong modifications in the current distribution
across the barrier and the presence of Josephson vortex
pinned on them can account for the asymmetry in theIJ,C vs
H curve. On the other hand, due to the large demagnetization
factor of a stripe line, the local magnetic field can be higher
than the lower critical fieldHC,1 of the electrodes. Under this
assumption, Abrikosov vortex stars penetrate the YBCO
layer, those in the GB region interacting strongly with the
current distribution in the junction. This phenomenon may
account for the observed irregularities, particularly when the
temperature is high andHC,1 is low. However, these irregu-
larities were observed mainly in the MgO samples while the
quality of the YBCO films was comparable between the
samples ~highly textured c-oriented films with JC

>106 A/cm2 at 77 K!. For these reasons, we believe that the
asymmetric behavior should be attributed to the presence of
Josephson vortex pinned by defects, as discussed in Ref. 11.

We now discuss the occurrence of the residual current
under magnetic field in the mT regime. The investigation of
the junction behavior under a magnetic field provides infor-
mation on the current density distribution across the barrier.
In particular, as pointed out in Ref. 19, the envelope of the
IC curve measured forH increasing up to several T can be
correlated with the conduction mechanism in the barrier; the

exponential decay of this envelope provides further evidence
of the SI*S nature of the barrier in the GB. However, in the
mT range, a perfect periodic Fraunhofer-likeIJ,C vs H de-
pendence has not been reported to date for YBCO GB junc-
tions and the persistence of a non-negligible Josephson cur-
rent at the minima has also been reported elsewhere.23 This
behavior, attributed to the intrinsically inhomogeneous and
defective nature of the barrier, seems to be a common feature
of the high temperature superconducting junctions. However,
the former conjecture is no longer valid once the experimen-
tal IJ,C(H) curve can be correlated with a current density
distribution in the device; that is, for example, the case re-
ported in Figs. 3 and 7. Therefore, our results can be ex-
plained only in the view of a current component decreasing
slightly with the magnetic field. Nevertheless, our results are
not exhaustive and further investigations are needed to
clarify this occurrence and its nature.

Finally, we discuss the temperature dependence of the
Josephson current. We have previously discussed the trans-
port properties of the GB junctions, showing how our data
agree with the hypothesis of an intrinsically shunted SI*S
barrier. The conduction mechanism in such a barrier has
been investigated from a theoretical point of view. While
Halbritter23,24 indicates that the classical tunnel of Cooper
pairs across such an intrinsically defective barrier is a main
mechanism for conduction, Devyatov and Kupriyanov25

were able to show that the transport of superconducting car-
riers can also be accounted for by resonant tunnelling via
localized states in the barrier. The temperature variation of
the critical currentIJ,C(T) calculated following the models
are presented in Fig. 1 together with the experimental results.
The dotted line represents the data obtained by numerical
calculation in the case of resonant tunneling for the suppres-
sion parameterGLS5100,26 while the dashed line gives the
variation of theIC as calculated under the hypothesis of ‘‘di-
rect’’ tunneling.24,25 Since neither ‘‘direct’’ nor ‘‘resonant’’
tunneling can fit the experimental data over the whole tem-
perature range, we cannot discriminate between the proposed
transport mechanisms. However, close to zero the data are
fitted most accurately by the ‘‘resonant’’ tunneling model,
while close toTC the ‘‘direct’’ tunneling model gives the
more accurate fit. This result suggest that both mechanisms
occur simultaneously and, depending on the temperature
range, one of them will dominate the conduction process.

IV. CONCLUSIONS

The characterization of YBCO grain boundary junctions
fabricated on SrTiO3 and MgO symmetric bi-crystal sub-
strates under a magnetic field in the mT range have been
exported. For each sample we have collected theI-V char-
acteristics as a function of the applied magnetic field (H) at
various temperatures. The experimental data show that the
Josephson critical current is periodically or quasi-
periodically modulated by the applied magnetic field, inde-
pendent of the GB disorientation. The periodic modulations
of IJ,C by the magnetic field indicate that the behavior of
YBCO grain boundary junctions can be approximated by the
standard overlap junctions model.
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We have deduced the electrical parameters of the junc-
tions fabricated on the different substrates. To obtain the
current density distribution in the grain boundary, we have
compared the variation ofIJ,C with the theoretical behavior
as a function of the ratioL/lJ . The additional hypothesis of
a Josephson current component dependent slightly onH in
the mT range was necessary to fit the experimental curves
with the models.

The nature of the barrier and the transport mechanism
across the grain boundary has therefore been investigated
and good agreement of the obtained results with those ex-
pected for an SI*S structure.
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