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Assuming that the boundary planes in YBa,Cu;0;_s can show a Josephson behavior, we establish the
conditions required in epitaxial thin films to observe the modulation of the critical current by an applied

magnetic field, as well as the possible forms of the modulated current. We report measurements carried out on
two YBa,Cu30,_g films in the near vicinity of the critical temperature that show a partial modulation of their
critical current. The comparison of the measured critical current changes to those predicted by the calculations
shows that the experimental results are consistent with the Josephson modulation of the current carried by
associations of weak links located in the boundary planes.
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I. INTRODUCTION

The suggestion that boundary planes, especially the low
angle grain boundaries (LAGBs) and the twin boundaries
(TBs) play an important role in the properties of c-axis
YBa,Cu;0,_s5 (YBCO) films, has been proposed for a long
time.!~® Since their width is in the range of &,,(T), the super-
conducting coherence length in the a-b planes of YBCO,
many authors have presumed some type of Josephson cou-
pling across the boundary planes. Deutscher!? proposed that
they behave as Josephson junctions with a depressed order
parameter. Mezzetti et al.* regarded them as long Josephson
junctions whose coupling energy is modulated by defects.
Gurevich and Colley>® considered that the vortices whose
cores are located on the boundary planes are Abrikosov vor-
tices with Josephson cores, they have called Abrikosov-
Josephson vortices. An expected consequence of Josephson
coupling is the modulation of the critical current by a mag-
netic field. This phenomenon has been predicted in highly
anisotropic cuprates, as resulting from the intrinsic Joseph-
son coupling between CuO, layers.” In ceramic materials, the
strong sensitivity of the critical current to an applied field has
been attributed to the combined Josephson behavior of the
multiple weak links connecting the grains.®° In YBCO films,
modulation of the critical current has been obtained either in
nanobridges'®!! or by creating artificial grain boundaries
with some angle either between domains with the same basal
plane!>'* or between domains with different basal
planes.'>!' However, no phenomenon of this type has been
reported so far in YBCO thin films patterned in geometries
of micrometric size including natural boundary planes only.

In previous papers, we have suggested that, due to the
numerous defects they include, the TBs in YBCO split off
into rows of Josephson weak links whose physics, when no
field is applied, determines the critical current and other
properties of the films.!'”~'* A consequence of this model is
that the modulation of the critical current of the films should
be observed in the vicinity of the critical temperature. In this
paper, we detail this point and we report the measurements
carried out on thin-film microbridges.
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In Sec. II of the paper we remind of some of the aspects
of our model relevant for this work and we establish the
conditions required to observe the Josephson modulation of
the critical current in YBCO thin films. In Sec. III, we detail
the characteristics and making process of the studied samples
and the measurement techniques. The experimental results
are reported in Sec. IV and discussed in Sec. V.

II. PROPERTIES OF YBCO FILMS IN THE CRITICAL
STATE WITH NO APPLIED FIELD AND CONDITIONS
FOR THE OBSERVATION OF THE JOSEPHSON
MODULATION OF THE CRITICAL CURRENT

In this section we first summarize some features of the
model we have developed for c-axis YBCO epitaxial films in
the critical state with no applied magnetic field.'’-!° The
model is valid for films whose thickness is in the range of or
smaller than 2\, (A, is the superconducting penetration
depth in the a-b planes of YBCO). In the second part of this
section, we examine the conditions in which some of the
Josephson weak links included in the films boundary planes
can cause the modulation of the sample critical current when
a low magnetic field is applied and we discuss the possible
expressions of the modulated current.

A. Critical state of YBCO films with no applied magnetic field

As other authors,!~® we assume that when a superconduct-

ing current flows parallel to the a-b planes of YBCO films, a
tunneling pair current flows between the superconducting
banks of the boundary planes parallel to the ¢ axis. In previ-
ous works, we have assumed that the TBs play the main role
in epitaxial films. We will take a more general view in this
contribution. As a starting point, we consider the conse-
quences of the existence along the boundary planes of de-
fects with a size in the range of or smaller than &,,(7). In the
case of the TBs, as revealed by high-resolution electron mi-
croscopy (HREM) observations, these defects correspond to
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tiny atomic displacements, variation in atoms coordination,
or local vacancies.?*?! The average size of this disorder is
three cells in the a-b planes for the most coherent TBs. In
addition, the existence of TBs is associated with a lattice
rotation that is not exactly 90° but 89.1°, which implies a
lattice distortion and strain fields at the TBs locations that
locally change the TBs width. Microscopic observations of
grain boundaries with various angles have shown that the
dislocations are formed either on the Y/Ba sublattice or on
the Cu sublattice, where they affect the formation of charge
carrying holes.?? This results in the existence of charge-
carrier depletion layers in the grain boundaries due to copper
sites that are undercoordinated to O atoms. The existence of
these defects suggests that the separation between the bound-
ary planes superconducting banks can be locally large
enough, with respect to &,,(T), to cause a disruption of the
tunneling current. This observation has led Mezzetti et al.* to
consider that the boundary planes include separate subjunc-
tions carrying the same Josephson current density but show-
ing statistically distributed lengths (along the boundary
planes). Taking a slightly different point of view, we assume
that the boundary planes split off into rows of Josephson
weak links whose length depends on the temperature.!” We
now consider the current and magnetic-flux penetration when
a bias current is injected in a thin film. Magneto-optical ob-
servations on a strip have shown that vortices and antivorti-
ces enter progressively from the opposite edges of the
sample, while the central zone remains flux free and carries a
low current density.”> The area of the flux free zone de-
creases as the current increases, and the film is in the critical
state when this region disappears. Then, in spite of pinning
and as an effect of thermal activation, vortices and antivor-
tices move in the direction of the middle of the film where
they annihilate each other. In addition, magneto-optical ob-
servations on a single crystal have shown that the TBs are
the first areas penetrated by the magnetic flux.>* Then, it is
reasonable to assume that in thin films, in the region pen-
etrated by the flux, the vortices and antivortices are prefer-
entially located along the boundary planes that they fill up in
the critical state. The distinctive point of our model is that we
take into account the small size defects that exist in the
boundary planes, but that are not large enough to cause a
disruption of the tunneling current at the measurement tem-
perature. They are included in the weak links and we can
expect that, in the critical state, they limit the pair coupling
current to the lowest value maintaining the phase coherence
across the boundary planes against thermal fluctuations. As a
result, we assume that the weak link energy is equal to kgT
and that all the weak links (except those located at the vortex
cores) carry the same net current that is equal to

27TkBT
T,

: (1)

where ¢, is the flux quantum. Current /,(7) and the weak
links mean length along the boundary planes,&(7), have been

experimentally determined for various films.' Length &(T)
was estimated from the curvature of the current-voltage
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curves measured on microbridges and was found to obey the
empirical law,

=3/2
5= 50(1 - 1) / , (2)

where §,=0.55 nm and T. is the offset critical temperature.
Since the mean weak link length cannot be less than the
mean distance between the electrons of a Cooper pair, the
validity of Eq. (2) is limited to the temperature domain for

which &) is larger than &,(T), ie., above a low-
temperature limit, 7). Current I,(T) was determined by di-
viding the microbridge critical current by the mean number
of weak links located in a boundary plane. It has turned out
that Eq. (1) is verified between T, and a maximum tem-
perature, T,,. Between T, and T,, the experimental I,(T)
curves behave as decreasing functions. We have suggested
that this behavior is due to the growing number of weak links
that enter a nonsuperconducting state as the temperature in-
creases above T, while the superconducting weak links still
carry current /; as given by Eq. (1).'3

B. Josephson modulation of the critical current

The reason that no magnetic modulation of the pair tun-
neling current across natural boundary planes has been ob-
served so far in YBCO microbridges or strips is that there is
no coherence over a long distance in 'V, the phase difference
between the two banks of a given boundary plane. This is
due mainly to the existence of vortex cores in the boundary
planes that causes discontinuities in V. Then, €., the coher-
ence length in ¥, extends over a distance at most equal to the
distance between two vortex cores. As a result, for T<<T,
the boundary planes behave as collections of Josephson
weak links with various lengths that respond incoherently to
the magnetic field and there is no modulation of the critical
current.

For T>T,,, according to our model, the boundary planes
include structures consisting of superconducting and nonsu-
perconducting weak links. The simplest structures either in-
clude 2n, superconducting weak links and n,; nonsupercon-
ducting ones, as sketched in Fig. 1(a), or consist of n,
successive superconducting weak links, as shown in Fig.
1(b). If, along the boundary planes, there is a sufficient num-
ber of identical structures of one or the other type shorter
than €, they can respond coherently to the magnetic field
and cause the modulation of a fraction of the critical current.
We first assume that the length of all the weak links located

along the boundary planes is equal to &. Considering the
structure of Fig. 1(a), the current that flows across the super-
conducting weak links takes the form,

y1+nC3/2 y2+nct§/2
I(B) =n.; sin ¥dy + sin Wdy |,

Vl—ncs/Z y2—n03/2

A3)

with

054517-2



JOSEPHSON MODULATION OF THE CRITICAL CURRENT...

W (1N [ [ NI ]
R Y1 Y2 R
B 5 o e X B
Yi——, 1Hom Y2 m y2 t 2 y
(a) Le

FIG. 1. Sketches of two structures consisting of superconducting
(black squares) and nonsuperconducting weak links (white squares)
included in a weak links row inside a boundary plane near 7. These
structures can respond coherently to an applied magnetic field be-
cause their length is shorter than €., the coherence length of the
phase difference between the two banks of the boundary plane; (a)
SQUID-like structure consisting of 2n, superconducting weak links
and n,, nonsuperconducting ones; (b) structure consisting of 7, su-
perconducting weak links neighboring nonsuperconducting ones.

4a\ B
WO)=TO)+ -3 =, (4)
and
y2=y1+(nc+nns)5- (5)
The calculation of I¢(B) yields
. [ n.md
sin p D
I4(B) = 2ncljnc—(£cos[ (n.+ nns)?o}
&,
i)
Xsin{‘l’(yl) + (nc+nns)?}, (6)
where
® =2\,,6B (7)

is the magnetic flux across one weak link. Considering that
there is no other superconducting weak link over distance €.,
the maximum value of current I¢(B) is that for which

70
- (nc+nns)_, (8)

Y(y)= = o,

e

and I¢(B) takes the form,
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. <nc7'r<1>
sin d) 7D
IS(B):IS(O) rlc—ﬁéfcos|:(nc+nns)?a:| . (9)
b0

Equation (9) is very similar to that giving the current flowing
across a superconducting quantum interference device
(SQUID) in which the junction size is significant with re-
spect to the size of the loop. The current flowing across the
simple structure in Fig. 1(b) is derived straightforward from
Eq. (9). We have

I(B) = I5(0) (10)

®o

Equations (9) and (10) account for the contribution to the
critical current of modulating structures similar to that
sketched, respectively, in Figs. 1(a) and 1(b). If the other
weak links along the boundary planes do not respond coher-
ently to the application of the modulating field, for example,
because they are included in structures longer than €., the
critical current can be written as

]cr(B)le(B)+IBG (11)

In Eq. (11) Iyg is a background current and I,,(B) shows a
dependence on B similar to that of I(B) either in Eq. (9) or
in Eq. (10). However, we can discard neither the possibility
that there is some scattering in the weak links lengths nor
that in addition to the structures responsible for the most part
of the response of the sample, there are other modulating
structures along the boundary planes that contribute to /(B).
Then, we must consider that the response can be that of a
disordered system. In the case of classical Josephson junc-
tions with spatial fluctuations that can be described with the
Poisson distribution, Barone and Paterno® proposed the ex-

pression,
70\ |2
sin( )
o

I(B)=| 2(0)| ——=>~
cr() cr() ’7Tq)‘k

@,

ad\ 2] |12
sin( )
Po
P*

b,

to account for the resulting critical current modulation. In
Eq. (12), ®* is the magnetic flux across the junction. By
analogy, assuming that the superconducting weak links dis-
tribution obeys a probability law not strongly different from
the Poisson’s law, we propose that Eq. (12) accounts for the
response of disordered boundary planes including simple
structures of the type shown in Fig. 1(b). Then, in Eq. (12),
we write ®*=n P, where n, is the most probable number of
superconducting weak links in the modulating structures.

+15:) 1 - , (12)
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TABLE 1. Substrate, buffer layer, thickness d, and offset (respectively onset) critical temperature 7.

(respectively T,,,) of the investigated samples.

Substrate Buffer layer d (nm) T. (K) Teon (K)
G120B MgO none 245 84.4 84.8
G123B MgO SrTiO; 120 89.7 91.5

From a general point of view, we expect that the measure-
ments for which Eq. (12) gives good fittings will correspond
to large n. values since a large number of structures with a
number of superconducting weak links different from n, will
contribute to I(B). At the opposite, if n. is low, Eq. (12) can
be ill-suited and Egs. (10) and (11) give a better fitting. We
will compare the expressions of I.(B) obtained in this sec-
tion with the experimental measurements in Sec. IV.

III. EXPERIMENT

A. Samples

We have investigated the electrical properties of two laser
ablated YBCO films. Film G120B was deposited on a MgO
substrate and film G123B was deposited on a MgO substrate
coated with a 6-nm-thick SrTiO; (STO) buffer layer. Both
YBCO and STO layers were grown by Krypton-fluor pulsed
laser deposition from stoichiometric targets onto the sub-
strates. The 10X 5 mm? substrates were clamped in front of
a resistive heater and were radiantly heated from the back-
side. The laser radiation energy density was 1.5 J cm™ for
YBCO and 2 J cm™ for STO. A comprehensive x-ray dif-
fraction study led to the optimized deposition temperature of
700 °C for both materials and to the optimized O, pressures
of 0.5 and 0.3 mbar for YBCO and STO, respectively. Right
after deposition, a 700 mbar oxygen pressure was introduced
in the deposition chamber and the films were cooled to am-
bient temperature at 20 °C min~! including a 30 min plateau
at 500 °C. Full c-axis oriented YBCO films were thus ob-
tained. The main properties of the films are reported in Table
I. The sample with the STO buffer layer (film G123B) has a
critical temperature higher than the film directly deposited on
MgO. For this last one, the large difference between the in-
plane lattice parameter of MgO (¢=0.421 nm) and those of
YBCO (¢=0.382 nm and »=0.388 nm) has effects upon the
epitaxial growth of the film. As sketched in Fig. 2, the film
growth occurs either by direct epitaxy (growth of domains
whose [100] axis are parallel to the [100] axis of MgO) or by
indirect epitaxy (growth of domains whose [100] axis are
parallel to the [110] axis of MgO). The critical temperature
of the obtained films is reduced with respect to the optimal
one. A STO buffer layer grows on MgO with its [100] axis
parallel to the [100] axis of MgO and enables the direct
epitaxy of a high critical temperature YBCO film.?%%’

After deposition, the films were patterned as microbridges
with various dimensions using contact UV photolithography
and argon ion milling. The measurements presented here
were carried out on 300 X 10 um? microbridges.

B. Electrical measurements

For the electrical measurements, the microbridges were
inserted in a cryocooler. A solenoid external to the cryo-

cooler could create a perpendicular magnetic field B
=10 mT at the sample level. The current-voltage character-
istics of the microbridges were measured in the vicinity of 7.
in the four-point configuration method using a 553 Hz alter-
nating current, maintaining the temperature fluctuations in
the =0.01 K range. The measurements were averaged over a
large number of data acquisitions in order to eliminate the
noise due to the cryocooler. Other details on the measure-
ment technique can be found in Ref. 19.

C. Determination of the critical current

In the vicinity of the critical state, the vortex motion in
YBCO films is thermally activated. The expression,

V=RA(I—Icr)sinh<Ii>, (13)

where [, is the threshold current for V+# 0, and R, and I, are
the other fitting parameters, was proposed in Refs. 17-19 for
fitting the current-voltage characteristics measured with B
=0. This expression has enabled us to determine /. with a
better accuracy than a voltage criterion. For B # 0, the valid-
ity of Eq. (13) is not established from the point of view of
the physics. Nevertheless, we have observed that this equa-
tion was also a good fitting function when the measurements
were carried out with a weak applied field and provided an
accurate estimation of the critical current. The reason is
probably that in these conditions R, and I, show little
changes with respect to their zero-field values. As a conse-
quence, we have taken Eq. (13) as an ad hoc fitting function
to determine I..(B).

N N N
[100] MgO [010] YBCO
p .~ [100] YBCO

[010] YBCO ¥——

YBCO

[001] MgO
4
— N
1
Direct epitaxy ===

Indirect epitaxy
[100]YBCO//[100]MgO
[010] MgO

[100] YBCO// [110]MgO s
[100] MgO

FIG. 2. (Color online) Sketch of the YBCO domains that grow
on MgO substrates. In case of direct epitaxy, the [100] axis of
YBCO is parallel to the [100] axis of MgO while for indirect epi-
taxy it is parallel to the [110] axis of MgO.
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FIG. 3. Critical current of microbridges (a) G120B and (b)
G123B, as a function of the amplitude of the external field, B, at
various temperatures. The solid lines are calculated with the relation
I.(B)=1.(0)-2dB/ u, [Eq- 177l

IV. RESULTS

We have recorded the current-voltage characteristics of
the two microbridges at various temperatures and magnetic-
field amplitudes. Figures 3(a) and 3(b) show I (B) for mi-
crobridges G120B and G123B, respectively. In the lowest-
temperature range I.(B) is a decreasing linear function. We
observe a different behavior in the near vicinity of 7. The
linear regime is discussed in Sec. V A. Here we will focus on
the measurements carried out near 7. The I.(B) curves mea-
sured near 7. and shown in Figs. 4—6 on a dilated scale
suggest that a fraction of the critical current is modulated by
the magnetic field. In what follows, we compare these mea-
surements with calculations made with Egs. (9)—(11) on the
one hand and with Eq. (12) on the other hand. For this pur-
pose, we need to determine \,,(7). In principle, since the
measurements were carried out in the vicinity of the critical
temperature, this length can be calculated with the Ginzburg-
Landau expression. Another expression can be obtained from
the two-fluid model. However, high-frequency experiments
have shown that \,,(7) in YBCO is more accurately repro-
duced with the relation,28-2°
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FIG. 4. Critical current of microbridge G123B as a function of
the applied magnetic field at (a) 7=88, (b) 86.5, and (c) 85 K. The
solid lines are calculated with Egs. (10) and (11), while the dotted
lines are calculated with Eq. (12), taking for n, the values reported
in the figures. At each measurement temperature, the amplitude of
the modulated fraction of the critical current, 1,,(0), is determined

as shown.
T T 2 1-1/2
Aol — | =N, 0) 1= — . 14
ab( Tg(]ﬂ) ub( ) |: ( Tcon> 1 ( )

The zero-temperature penetration depth cannot generally be
determined from these measurements. We will take \,;(0)
=145 nm, which is in the average range found in the litera-
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FIG. 5. Critical current of microbridge G120B as a function of
the applied magnetic field at (a) 7=83.2 and (b) 83 K. The solid
lines are calculated with Egs. (10) and (11), while the dotted lines
are calculated with Eq. (12), taking n.=2. I;,(0) is determined as
shown in the figures. B, is the field value above which the length of
the modulating structures is larger than the mean distance between
vortex cores.

ture. In Eq. (14), T, is the onset critical temperature. This
temperature is reported in Table I for both microbridges.
For microbridge G123B [Figs. 4(a)-4(c)] no fitting of
I.(B) with Egs. (9) and (11), which correspond to the
SQUID-like structures sketched in Fig. 1(a), is possible. Tak-
ing for n, the values reported in the figures, the fitting curves
calculated with Eq. (12) (dotted lines), which account for a
large disorder along the boundary planes, are in a much bet-
ter agreement with the experimental points than those calcu-
lated with Egs. (10) and (11) (solid lines). This suggests that
the weak links distribution in the simple structures located
along the boundary planes of microbridge G123B is at least
unimodal, with n, as both most probable and mean value
(except at T=88 K, since n,=1 cannot be exactly the mean
value of the weak links distribution). It is interesting to com-
pare the dependence on temperature of n, with that of the
mean number of superconducting weak links located in a

boundary plane, N =1,(0)/I,. Table II shows that N_/n,,
that is the mean number of structures carrying successive
superconducting weak links in a boundary plane takes almost
the same value at the three measurements temperatures. The
consequences of this result are discussed in Sec. V C.
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FIG. 6. Critical current of microbridge G120B as a function of
the applied magnetic field at 82.5 K. The dotted line is calculated
with Egs. (9) and (11) taking n.=2 and n,,=3, while the solid line
is calculated with Egs. (10) and (11), taking n.,=2. The quantity
1,4(0) is determined as shown in the figure. B, is the field value
above which the length of the SQUID-like structure with n,=2 and
nys=3 is larger than the mean distance between vortex cores.

The measurements carried out on microbridge G120B
suggest that the modulation is due to simple structures with
n.=2 at T=83.2 and 83 K [Figs. 5(a) and 5(b)]. At T
=83.2 K the experimental points can be fitted either with
Egs. (10) and (11) or with Eq. (12) although the measure-
ments for B>5 mT are reproduced with none of the models
[see Fig. 5(a)]. The measurements at 7=83 K [Fig. 5(b)] are
clearly better reproduced with Egs. (10) and (11) (solid line)
than with Eq. (12) (dotted line), which does not account for
the bumps at B~4 and 7 mT. However, none of the models
accounts for the strong I.,(B) increase above 8 mT. The mea-
surements carried out at 7=82.5 K can be either reproduced
with the equations of the SQUID-like structures [Egs. (9)
and (11)] taking n.=2 and n,,=3, which result in the dotted
line in Fig. 6, or with that corresponding to simple structures
with n,=2 [Egs. (10) and (11)], which give the solid line.
Equations (9) and (11) predict a minimum at 3 mT that is not
observed in the experimental results and calculations with
Egs. (10) and (11) do not account for the first experimental
minimum at 1.1 mT. The failures of the models at the three
measurement temperatures are discussed in Sec. V.

V. DISCUSSION

In this section, we first discuss the behavior of I.(B) in
the low-temperature range of the measurements. We examine
the reasons why the models fail to reproduce some of the
measurements carried out on microbridge G120B. We com-

pare the I.,(B) curves and the N,/n, dependence on tempera-
ture of both microbridges and we discuss the nature of their
modulating boundary planes. At last, we compare the behav-
ior of the investigated microbridges with that of samples
including artificial grain boundaries.

A. Behavior of I ..(B) in the lower-temperature range

Assuming that the films enter the critical state when the
Lorentz force due to the bias current is equal to the pinning
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TABLE II. Most probable number, 7., of successive superconducting weak links included in the modu-

lating structures of the microbridges at temperature 7' and ratio N,/n., where N, is the mean number of
superconducting weak links included in a boundary plane.

G123B G120B
T (K) e N./n T (K) ne N./n,
88 1 159 83.2 2 57
86.5 3 166 83 2 399
85 7 166 82.5 2 878

force acting on the vortices located on the boundary planes,
Gurevich and Colley® have claimed that I(B) is an increas-
ing function at low fields. Albrecht et al.’* have come to the
same conclusion from magneto-optical observations of the
magnetic-flux penetration in artificial LAGBs. This predic-
tion was not verified by measurements carried out by Mez-
zetti et al.,* and Figs. 3(a) and 3(b) show that it is also not
verified on microbridges G120B and G123B. We can account
for the linear decrease in I(B) if we suppose that the micro-
bridges enter the critical state when the sum of the applied
and self-fields along one edge of the microbridge is equal to
a critical value. As shown in Ref. 17, the modulus of the
self-field along the samples edges takes the form,

ol
Bi* =70 (15)
where d is the film thickness. Then, the critical field is ob-

tained from the zero applied field critical current as B,
=u,I,(0)/2d, and we can write

1..(0)-1.(B
PR (U 7 ) S
‘ 2d
which is equivalent to
2dB
Icr(B)zlcr(O)_ . (17)

0

The I,(B) values computed with Eq. (17) are shown as solid
lines in Figs. 3(a) and 3(b) and are in good agreement with
the measurements in the considered temperature ranges.

B. Failures of the models on microbridge G120B

As seen in Sec. II, critical current modulation is possible
if the length of the modulating structures [ is smaller than
the coherence length in W. The upper limit for this length is
the intervortex distance d, that takes the form d =~ Vo,/B
in the central region of the microbridges, where the self-field
is almost zero. As a consequence, no modulation can occur
for B>B, where B, is obtained from the relation [
=\ ¢,/B,. At T=83.2 and 83 K, since the modulation is at-
tributed to simple structures with n.=2, the length of the
modulating  structures is I (T)=28(T), which yields B,
~4.9 mT at T=83.2 K and B,~7.8 mT at T=83 K. It is
clear from Figs. 5(a) and 5(b) that these values are the
threshold fields for the fitting breakdowns at the considered

temperatures. At 7=82.5 K, the low-field behavior of the
microbridge is well reproduced supposing that the modulat-
ing structures consist of SQUID-like structures with n,=2

and n,,=3 (Fig. 6). The length of these structures is /=7,
which corresponds to B,~ 1.6 mT. The measurements above
B, are fairly well reproduced assuming that the modulating
structures include two successive weak links only. This sug-
gests strongly that the SQUID-like structures modulating the
critical current at low field are downgraded to simple struc-
tures with n,=2 above B,.

The above considerations are supported by the results ob-
tained with microbridge G123B that show no fitting break-
down, while the condition I, <+ ¢,/B is fulfilled for all the
measurements carried out on this microbridge.

C. I.(B) curves and the modulating structures of the films

The I.(B) measurements carried out on microbridge
G123B can only be reproduced with Eq. (12), which assumes
a large disorder in the boundary planes. As mentioned above,
there is a sizable difference between d,;, and [ in the whole
range of the measurements carried out on this sample. In
addition, except at 88 K, we have n.>2. Then, a large num-
ber of modulating structures with a number of superconduct-
ing weak links different from n. contribute probably to
I.(B). For microbridge G120B, we have n.=2 and the dif-
ference between dy and [ is less important since we have
dy—14>0 below B, only. Then, the only other modulating
structures consist probably of single weak links, which is the
reason that the I, (B) curves can be fitted with Egs. (9)—(11).

The mean number of structures carrying successive super-
conducting weak links along the boundary planes of micro-

bridge G123B, as given by the ratio N,/n, in Table II, shows
almost no dependence on the temperature. This suggests that
above T, as the temperature increases, the extent of the
sections that remain superconducting along the boundary
planes decreases, while their number remains almost un-
changed. A possible reason could be that these sections con-
sist of cores with a high critical temperature surrounded by
regions whose critical temperature decreases as the distance

to the core increases. At the opposite, Table II shows that the

ratio N,/n, for film G120B decreases strongly as the tem-
perature increases. This suggests that above T, the modulat-
ing structures are located on superconducting islands whose
critical temperature is scattered between 7, and T.. As a
result of the growth process discussed in Sec. III A, YBCO
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films deposited on MgO include boundary planes between
domains with the same orientation on the one hand and
boundary planes between [100] and [110] domains on the
other hand. Since their presence results in a reduction in 7.,
we can presume that superconductivity in the boundary
planes located between [100] and [110] domains is weaker
than in those located between domains with the same orien-
tation. We expect then that nonsuperconducting weak links
appear first in these boundary planes and that they carry the
modulating structures of film G120B.

As a conclusion, the differences in the I(B) curves be-
tween the two microbridges arise probably from the fact that
the modulating structures are located on different types of
boundary planes. They are carried by the strongly supercon-
ducting boundary planes between [100] domains in film
G123B, while they are probably carried by the boundary
planes with a weaker superconductivity that exist between
domains with different orientations in film G120B.

D. Comparison with the behavior of Josephson junctions
based on artificial grain boundaries

Josephson junctions based on pair tunneling across an ar-
tificial grain boundary between domains with the same basal
plane have been extensively studied. The angle between the
domains determines the behavior of the junctions. According
to Horide and co-workers,"3 below 2° the current-voltage
curves show that Abrikosov vortices are in motion in the flux
flow regime along the grain boundary, while Abrikosov-
Josephson vortices flow along grain boundaries with an
angle between 2° and 8°. The artificial grain boundaries be-
have as Josephson junctions for angles larger than 10°. At the
difference from the devices including artificial grain bound-
aries, the angle between the connected domains has a pos-
sible influence on the behavior of microbridges G120B and
G123B in the near vicinity of 7. only since the films are in
the flux creep regime at lower temperatures. Near 7, how-
ever, Fraunhofer or SQUID-like I (B) curves were only ob-
tained with the microbridge that includes boundary planes
between [100] and [110] domains (microbridge G120B).
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From another point of view, the sensitivity of the investi-
gated microbridges to the magnetic field is low, as compared
to that of samples including artificial grain boundaries with a
similar size. This can be attributed to the value of €, that is in
the range of the short modulating structures shown in Fig. 1,
while in high angle artificial grain boundaries the coherence
length in ¥ can extend over the whole length of the grain
boundary.

VI. CONCLUSION

In this contribution we have reported critical current mea-
surements carried out in low applied magnetic fields on two
YBCO thin films patterned as microbridges. A Josephson-
like modulation of the critical current has been observed in
the vicinity of 7,.. We have assumed that the modulating
structures either consist of n, successive superconducting
weak links or are SQUID-like structures including 2n, super-
conducting and n,, nonsuperconducting weak links. We have
reproduced the measurements using expressions describing
the Josephson behavior of these structures, taking into ac-
count that disorder exists in the boundary planes. The prox-
imity to 7, of the domain of temperature, in which the re-
ported effects take place, is probably unacceptable for
applications. This difficulty could be overcome by making
devices with a width smaller than the vortex separation, i.e.,
by making nanobridges. As mentioned in the introduction,
Josephson effects have been effectively observed in nano-
bridges, but the physics of these devices is different from
that of the microbridges and the role of the boundary planes
is not clear yet,'%-11:33

The good agreement between the models and the experi-
mental measurements reported in this contribution is consis-
tent with the suggestion that the natural boundary planes in
YBCO films include weak links rows that play a major role
in their superconducting properties. Although more work is
needed to make this role perfectly clear, the optimization of
the devices based on these films requires probably to take
this aspect into account.
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