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To make a relevant transport measurement between adjacent Cu-O (or double Cu-O) layers, a high-
quality single-crystal sample with a rather small area having a restricted number of Cu-O layers is re-
quired. To satisfy such requirements, we have prepared a tilted epitaxial Bi,Sr,CaCu,O, film. The c axis
of the film makes a nonzero angle with respect to the film normal. In a certain direction, the transport
current has to traverse Bi-O layers. Few-micrometer-wide strips containing several tens of Cu-O layers
in series were made. The resistivities, critical currents, and I-V characteristics showed marked anisotro-
pies in two transport orientations. The possibility of direct observation of interlayer Josephson coupling
was investigated. However, no ac or dc Josephosn effect was observed. The voltage near I, seemed to be
generated by the dynamics of the Josephson vortices. These observations are consistent with a theoreti-
cal analysis based on the Josephson-coupled layered model, which gives a Josephson penetration depth
considerably smaller than our smallest sample size, and a transport analysis considering the detailed

junction geometry.

I. INTRODUCTION

High-temperature superconductors containing Cu-O
planes show strong anisotropy in magnetic as well as
transport properties. For YBa,Cu;0,_,, the anisotropy
in H_, precisely follows the prediction of the theory for
Josephson-coupled two-dimensional layers and the aniso-
tropic Ginzburg-Landau theory.! The anisotropy in
resistivity above T, for these materials is also very large:
it is metal-like in the a-b direction and, for some materi-
als, even semiconductive in the ¢ direction, indicating the
existence of different transport mechanisms in these two
directions.? The obvious question is what kind of cou-
pling mechanism for Cooper pair transfer is operating be-
tween the Cu-O planes below T,. Is it truly Josephson
coupling? The coherence length determined magnetically
is surprisingly small in the c-axis direction; namely, about
0.1 nm or less for YBa,Cu;0,_, and Bi,Sr,CaCu,0, .}
This is much smaller than the spacing between Cu-O
planes in these crystals, suggesting the coupling is
Josephson-like. The relatively longer Cu-O interlayer
spacing in Bi,Sr,CaCu,O, (about 12 nm) implies an even
strong two dimensionality and weaker interlayer coupling
than in YBa,Cu;0,_,. Technologically speaking, such
interlayer coupling might provide us a naturally formed
high-quality high-T, Josephson component which we
might not be able to obtain otherwise.

For the transport measurement, indirect evidence of
the existence of the Josephson interactions between the
CuO planes was obtained in single-crystal break junc-
tions.* These structures sometimes show the characteris-
tics typical for superconductor-insulator-superconductor
(SIS) or superconductor-normal-metal-superconductor
(SNS) junctions (the shape of the I-V curve and usually a
large I R, product around 20-30 meV). Unfortunately,
it was impossible not only to control the parameters of
these structures but even to identify the physical loca-
tions of the junctions in the samples, so that the relation
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of these junctions to the intrinsic interlayer Josephson
effect is still questionable. Subsequently, Kleiner et al.’
reported the observation of the appearance of voltage
steps on the I-V curve of single crystals under an applied
microwave irradiation. The authors claimed that these
steps were due to the intrinsic Josephson junctions natu-
rally existing between CuO planes, working in a phase-
locked mode of operation. However, the typical sizes of
the samples 30X 30X 3 um? they used are larger than the
effective radius of the Josephson vortices in the structure,
4r;=~4sA, /Ay =~0.5 pm. In accordance with theoretical
predictions,’ in this experimental situation, the transport
properties of the structure should be controlled by the
motion of Josephson vortices rather than by the phase
locking of spatially homogeneous interlayer junctions. It
is also reasonable to note that superconducting transport
measurements in the ¢ direction are rather hard to per-
form, because single-crystal samples of these layered ma-
terials are often very thin and fragile. It is also difficult to
control the cross-sectional area for current in the c direc-
tion. Moreover, with such crystals, it is not easy to limit
and control the number of Cu-O layers, as is preferred in
such experiments. Besides, there is always a risk of
damaging the crystal along the fragile ¢ plane during han-
dling (it is known that Bi,Sr,CaCu,0O, cleaves very easily
at Bi-O planes), making the crucial measurement unfeasi-
ble.

To make the situation more evident, we have per-
formed a similar experiment using thin films where the
samples were much more controllable and credible than
the bulk ones. Unique high-quality  “tilted”
Bi,Sr,CaCu,0, epitaxial films grown on tilted SrTiO;
substrates’ were employed for this purpose. The film Cu-
O plane makes a finite angle with respect to the film
plane, thus making a c-direction transport experiment
possible and at the same time controllable. When
prepared under the right conditions, the films can be
made grain-boundary free and show respectable conduc-
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tivity comparable with a good-quality single crystal in
both the in-plane and out-of-plane directions. Utilizing
such films, small-size interlayer ‘“junctions” having about
200 interlayers (sometimes as few as 25 interlayers) were
made.

II. FILMS

Epitaxial Bi,Sr,CaCu,O, films grown on inclined
SrTiO; substrates were used in this experiment. Details
of the growth techniques and the epitaxial structures
were described elsewhere.”® Figure 1(b) shows a typical
reflected high-energy electron-diffraction (RHEED) pat-
tern toward [110], and Fig. 1(a) shows the RHEED pat-
tern toward [110]. Clear streak patterns without addi-
tional spots as shown in Fig. 1(b) guarantee that the film
has a very smooth surface and contains no precipitates.
The fine streaks surrounding the central streak as seen in
Fig. 1(a) appeared due to the incommensurate modula-
tion along the b-axis direction. In addition to the ex-
istence of the incommensurate modulation streaks, the
inclination of these streaks agrees with the substrate’s tilt.
It confirms that the film Cu-O planes have a certain angle
with respect to the substrate surface, and the direction of
the film was uniquely determined.

The inclination (typically 4°—12°) of the substrate sur-
face toward [111] formed regular surface steps and ter-
races, and the epitaxy was restricted so as to tilt the c axis
by the same angle from the substrate normal. Cross-
sectional high-resolution transmission electron microsco-
py (TEM) (Fig. 2) revealed that the film contained rela-
tively few defects, and the Bi-O planes ended at the film
surface. The amount of the defects and intergrowths
formed at the interface decreased rapidly with increasing
distance from the substrate. The film can be made grain-
boundary free up to tilt angles of 12°. Typical films had a
T, of about 35 K, and all the data used in this report had
values between 33 and 40 K. The maximum J, of about
3X10% A/cm? was obtained in the a-b plane at 4.2 K.

We observed a large resistive anisotropy between the a
and b directions of the film. Patterned films were used for
resistivity measurements with the four-probe method. A
typical patterned shape is a 500-um-long and 100-um-
wide rectangle. The in-plane resistivity p[;;o; along the
step direction (4° inclined from [110] SrTiO;) was about
20 times higher compared with p, and showed a semicon-
ductor temperature dependence. The resistivity along the

FIG. 1. RHEED patterns of a Bi,Sr,CaCu,0, film grown on
tilted substrates with electron beams in the [110] direction (a)
and in [1 10] direction (b).
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FIG. 2. TEM picture of the film cross section.

a axis (p, ) showed a metallic temperature dependence.

In analyzing the large in-plane anisotropy, we assume
an ideal structure having perfect stacking of the half unit
cell of the Bi,Sr,CaCu,O, without intergrowth. Each
half-unit-cell slab having 4° inclination toward [111]
SrTiO; is terminated at the film surface as indicated from
the TEM picture (Fig. 2). Hence the resistivity along the
step direction involves a contribution from the c-axis
component.

III. ANISOTROPY PARAMETER

To estimate p, from the experimentally measured p;;o,
and p, we start from the Laplace equation for the electric
potential U:

2 2
UL FU_, W
ox ay
Taking into account the periodicity of the system (see
Fig. 3)

orientation

of Cu-O planes Dt 2
j\\
Pancake Vortex Josephson Vortex

FIG. 3. (a) Schematic diagram of the sample. Each slab
represents a unit cell. The arrows show the direction of current
flow for C sample (current transverses the Cu-O/Cu-O inter-
layers). (b) Schematic view of the Josephson vortices and the
pancake vortices in a sample (viewed sideways).
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U(x,s+0)=U(x —a,+0)+ U, , ()

we can reduce the solution of (1) to only one unit cell in
the c direction. Here U, is a constant value. The bound-
ary conditions for Eq. (1) at x =0 and x =) are defined
by the absence of current via the boundaries:

3 -0, 2 -
3y U0p)=0, ——U(by)=0, (3)

and the continuity of the current flow via the interfaces
located at y =0 and y =s gives

y)bJsa;U(x,O)=—~[U(x,+O)-U(x +a,5)+U,] ,
0<x<(b—a), @)
7,;»15‘3?11(“):—[U(x —a,+0)=U(x,s)+U,] ,

0<x<b, (5

D U(x,0=0, (b—a)<x<b, (©)
ay
iU(x,s)=0 , 0<x<a. (7)
dy

Here y=1/p./p, is the anisotropy parameter, and
Ay=vys. In accordance with the structure, the following
inequalities are assured:

s<<a,A;, a<<iAj. : (8)

The last inequality permits us to use the Taylor expansion
for U(x+ta):

U(x +a,s)= U(x,s)+a% U(x,s) ,
9)

Ulx —a,O)=U(x,O)—a—a~U(x,O) ,
dx

while the first inequality of (8) provides the possibilities to
find the solution of (1) in the form of series on the small
parameters (s /a), (s /A;), and (a /A;).

In the first approximation, we can neglect in (1) the
derivation with respect to the coordinate x and find

U(x,y)=A(x)+B(x)% ) (10)

After the substitution of (10) into (1), in the second ap-
proximation we have
d’B

dx?

d%A
dx?

2 3
Yy _ P
2 . (1

Ux,p)=A4(x)+B(x)¥ -

N

The equation for the determination of the functions 4 (x)
and B (x) directly follows from the boundary conditions
(4)-(7). Taking into account the inequalities (8), it is easy
to obtain

2 2

B(x)=s2%—’21, x&‘;xf=-uo, 0<x<a, (12)
X
2 2

Bx)=—2v,, 4=0, a<x<b-a), 13
A dx
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d*4
— 2
B=0, A} T2

=U,, (b—a)<x<b . (14)

The solution of (12)-(14) with the boundary conditions
(3) for the electric potential finally gives

2a2—b2—x2—2sy —y?, 0<x<a,

U(x,y)=——2 3a2—b2—2ax—2sy , a<x<b—a, (15)

J |x2—2bx—y%, b—a<x<b.

The current flowing via the structure is easily calculated

as

IZ__I_fb :S(b—'a)U_ 1
Pa =0

dx =
prl % ppio

Uo

d
& U(x,0)

(16)

and after taking into account the geometry of the struc-
ture finally it leads to

. S . —
p[llO]:pc—anlezlo 3pc . a7

Here s~ 1.5 nm is the distance between CuO layers,
d =~ 100 nm is the film thickness, and 6 =~4° and is the in-
clination angle. The observed value of p[;o; was about
100 pQ cm, giving p, =1 Q cm.

From (17), for the anisotropy parameter and charac-
teristic length A; of our films we have

y=v'p./p,~150 , A;=ys~220 nm . (18)

These values are consistent with the data observed in
bulk single crystals [y =~ 50,'° 500,!! 300,'? 100,!* and 900
(Ref. 14)] and also near the value reported by Kleiner
et al’ (50 <y <280). The large tolerance in the values of
v reported for single crystals can be understood if we
take into account the influence of the oxygen content on
the out-of-plane conductivity. Actually, band-structure
calculations!® for Bi,Sr,CaCu,O, indicate that there are
Bi-O bands crossing the Fermi level. This has to result in
a metallic conductivity in the ¢ direction and smaller y.
These calculations, however, do not take into account the
incommensurate distortion of the Bi-O planes, which can
bring the bands above the Fermi level'¢ resulting in in-
creased . Angle-resolved photoemission'’ and scanning
tunneling spectroscopy'?® studies have shown that these
planes could behave as either metallic or insulating, de-
pending on the oxygen content, which in turn could de-
pend on the conditions of synthesis of the crystal. In our
samples, the resistivity p(;,o; increases rather weakly with
decreasing temperature. It implies that, perhaps due to
large oxygen content in our thin films, we have a better
out-of-plane conductivity, and thus a smaller y, com-
pared to some of the bulk single crystals.!!"1%14

IV. CURRENT-VOLTAGE CHARACTERISTICS

The films were delineated lithographically into small
strips having dimensions of a few micrometers in width
and length. As shown in the insets of Fig. 4, the orienta-
tion of the small strips was arranged in two ways. The
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FIG. 4. I-V characteristics of a C sample (a), and an 4 sam-
ple (b). The orientation of the hatched lines on samples shown
in the insets schematically indicates the arrangement of the Cu-
O planes in the two types of sample.

hatched lines in these figures represent the orientation of
the Cu-O planes. In one case, the current traverses the
Cu-O/Cu-O interlayers (C sample); in the other case, the
current flows parallel to the Cu-O basal planes ( 4 sam-
ple). Figures 4(a) and 4(b) show I-V characteristics of
both of these samples taken at 4.2 K. The striking
difference in the I-V characteristics was fully reproduci-
ble for the 20 or so samples that we have tested.

All the C samples showed a resistively-shunted-
junction (RSJ) “Josephson-like” characteristic similar to
Fig. 4(a), having a rather rapid voltage increase just
above a critical current I,, and a resistance approaching
a constant value R, quickly without exhibiting any obvi-
ous “excess current” and giving a characteristic ‘“up-
turned” curve. The I R, products of these C samples
were proportional to the number of the Cu-O/Cu-O in-
terlayers in the strips, as shown in Fig. 5, where their
low-temperature values are plotted. The shorter samples
were influenced by an ‘“‘end effect” that originates from
the shallow tilting of the layers with respect to the film
surfaces. The g-axis transport would influence the trans-
port at two ends of a sample within the range of distance
near L [see Fig. 3(a)]. Most of the samples were made us-
ing 4° films having a thickness of 0.05 um. That would
make L near 0.7 pum. In Fig. 5 we plotted the measure-
ments on samples with lengths comfortably longer than
the length L. Here, a 5-um-long sample corresponds to
about 230 layers. To calculate the I R, value per inter-
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FIG. 5. Relationship between I. R, product of C samples and
the number of interlayers contained in the corresponding sam-
ples.
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layer in the c-axis direction, the conservation relation
IR, /layer=j.p.s was used. Here, p. is given by
Pe =p[”0]/sin29 when py;o; is obtained directly from R,,.
This relation is different from Eq. (17) because shown
T <T,p,=0 is assumed. The critical current density is
given by j.=I./(b —a)w, and this will be rigorously
shown in Eq. (34) below. The current in a C sample had
to flow through the tilted interlayers. Assuming its I-V
characteristic was dominated by the interlayers, then the
I R, product of a C sample should simply represent the
IR, of the n interlayers in series [n =(L sin@)/s], where
the interlayer period s =1.5 nm and L is the strip length.
Figure 5 shows that the I_R, per interlayer was about 9
mV at T=4.2 K. This value is close to that expected
from the Ambegaokar and Baratoff formalism for an
ideal junction, which gives IR, =mA(0)/2e at low tem-
perature.

All the A4 samples showed ‘““flux-flow-like” characteris-
tics similar to the one shown in Fig. 4(b), where the resis-
tance above I, does not approach a linear resistance R,
even at voltages considerably above I R,, giving a finite
amount of “excess current.” Such behavior is consistent
with other experiments showing that flux motion dom-
inates the dissipation during ab-plane transport.'’

Figure 6 shows the temperature dependence of I.R,
products along the c¢ axis and the a axis, normalized by
the relevant lengths [*(/*=L sinf for C samples and

*=L for A samples). It is difficult to define the resis-
tance R, for A samples. However, in order to demon-
strate the difference in I R, in the two transport direc-
tions, here we picked the value around 10 V. Critical
current densities J, along the a axis and the c axis for the
corresponding samples are also plotted on a logarithmic
scale.
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FIG. 6. Temperature dependencies of IR, and J.
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V. TEST OF JOSEPHSON EFFECT

The reproducible differences in I-V characteristics,
critical current densities, and I R, along the two trans-
port directions provided us with evidence of strong trans-
port anisotropy. Furthermore, the shape of the I-V
characteristics, as well as the value of I_R, per interlayer,
perhaps suggest it is a direct observation of the interlayer
Josephson effect. Nevertheless, the most obvious signa-
tures of a Josephson junction are ac and dc Josephson
effects. We have carried out experiments with external
microwave irradiation and applied magnetic fields to ver-
ify these quantum effects.

Figure 7 shows the I-V characteristic of a C sample
and an A4 sample with applied microwave radiation, tak-
en at elevated temperatures. Higher temperatures were
used to reduce I, and I R,, so that applied microwaves
could sufficiently reduce the critical currents, at the same
time reducing the characteristic frequency to match the
applied microwave frequency. From Fig. 7(a), taking the
value of R, from the microwave-suppressed resistance,
I.R, at this temperature was about 14 mV, which corre-
sponds to about 70 uV/layer. Both Figs. 7(a) and 7(b)
show a similar modulation: critical currents were
suppressed to zero, and some unknown nonlinearity with
a “kink” appeared, but there were no ac Josephson volt-
age steps in either sample. None of the samples tested
showed any sign of the appearance of quantized voltage
steps. For some samples, in order to improve the voltage
matching between the Josephson voltage ®y and charac-
teristic voltage I R, , extra shunt resistance was provided
by evaporating thin in situ gold films on top of these sam-
ples, making the equivalent I R, per layer near 10 uV,
which corresponds to a characteristic frequency of 5
GHz. But Josephson steps were not observed in the
shunted samples either.

Figures 8(a) and 8(b) show the external magnetic-field
dependence of the critical current for a C sample, with
two applied-field scanning directions, taken at 4.2 K.
The schematics in Fig. 8 define relationship of the current
and field. The field was scanned at two angles, { and ¢.
The insets in Fig. 8 show the field dependence on I, in a
larger field scale up to 7 T. In Fig. 8(a), when the applied

L e e e E
2 0,85 33K w/o microwave: 20
:% 0.4r 10
3 -04f -10
-0.8—'*"1"‘1 2 T B T TS
-25 0 25 40 -20 0 20 40

Voltage (mV) Voltage (mV)

FIG. 7. I-V characteristics of a C sample (a) and an A4 sam-
ple (b) with and without microwave irradiation [1.5 GHz for (a)
and 0.5 GHz for (b)]. Data were taken at temperatures closer to
T, in order to reduce I.R,. Josephson voltage steps were not
observed under all the conditions tried, even when I, was
suppressed to zero.
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field was in the direction ¢,=0°, the would-be-expected
periodic of I, modulation is B =®,, where ® is the flux
quantum, s is the interlayer period 1.5 nm, d =150 nm,
and 6=4°. For Fig. 8(b), the corresponding period for
£=0°is B=®,/sw=0.2T, with the width of the strip
w =6 nm. In both Figs. 8(a) and 8(b), no apparent I,
modulation period was observed.

The angular dependence of the critical currents in the
{ scan and the ¢ scan of the same sample used in Fig. 8
showed the maximum critical current suppression at
£~90° and ¢=90°. No suppression was seen for {=0°
and ¢=0°.
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FIG. 8. Magnetic-field dependencies for I, under ¢ scan (a)
and § scan (b) for a C sample. The directions of the magnetic
fields are shown in the insets. The orientation of the hatched
lines shown in the insets schematically indicates the arrange-
ment of the Cu-O planes in the sample. The low insets show the
fields dependencies up to 7 T. I, should be modulated with
periods 0.6 T (¢=0) or 0.2 T ({=0) if it was characterized by
Josephson coupling.
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VI. DISCUSSION

The observed phenomena are in contrast to those re-
ported by Kleiner et al.’ despite the practically identical
material constants of Bi,Sr,CaCu,0,, and the even small-
er geometrical dimensions in our samples.

To understand the reasons for this difference in the re-
sults, it is necessary to check the conditions that guaran-
tee the observation of Shapiro steps and the Fraunhofer
pattern. It is well known that for junctions with bulk su-
perconductive electrodes, in order to see these effects, it is
required to have a homogeneous distribution of super-
current in the junction region. It is satisfied if the
junction’s width w is smaller than the Josephson penetra-
tion depth A,. In our samples this restriction is satisfied,
since

w=S pm<<A,=yA, =28 um . (19)

For a stacked junction configuration with a small
thickness of electrodes s compare to A, the situation is
drastically change due to the existence of two charac-
teristic lengths A, and A; responsible for the behavior of
the system.*?° In Ref. 20 it was shown that the gauge-
invariant phase difference of the order parameter of the
neighboring stacked layers ¢, , ., must satisfy the equa-
tions

2 1oy i
Vi@, n+1 22 (2sin@, , +1—sin@, 41, +2
J

—sing, _; )= —=sing, , 41=0, (20)

Ae
. __ 2ms
quv,,,,+1(x —-O,b)——H N (21)
> (Do
. c®y 22)
= Sin .
Jz 8#2}\.%5' Pn,n+1

Here V is the differential operator in x,y plane (see Fig. 3)
and H =(0,0,H) is the external magnetic field. From
(20)-(22) it follows that in the limit

b <<k, (23)

the Meissner state in the sample an be described by a
solution

i cd
Zmsx H+arcsin—t’— y Jo=7T 02
@ Jo 8mA;s

(pn,n +1 = N (24)

where j is the density of the bias current, which is in-
dependent of the coordinates (x,y). However, the Meiss-
ner state in the system is unstable against the formation
of a static mixed state due to penetration of the vortices
in the sample, because of the small size of the Josephson
vortices A; [Eq. (18)] compared to the size of the elec-
trodes b.2! That means that the restriction (23) alone
cannot guarantee the observation of the classical
behavior of Josephson junctions.

The transition between stationary and flux-flow re-
gimes in the mixed sate takes place at a current density
lower than the critical current density j,. So to check the
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existence of the Meissner state in our samples it is neces-
sary to compare the experimental value j, with the
theoretical one, taking into account the possible devia-
tions from homogeneity due to the specific geometry of
the film.

To calculate j, at zero magnetic field we introduce the
gauge-invariant phase of the order parameter of the
separate layer Y, which under restriction (23) satisfies the
equation

Fx ¥y

+ =0 25
| oy’ (25)
with the boundary conditions at the interfaces (see Fig. 3)
9 9
e = ’ a_ > :0 ’
3 X (09)=0, Z=x(b,y) (26)
a%))((x,s)=0 , 0<x<a, 27
—E-)—X(x s)= 1 sin[ x(x,s +0)—x(x,s —0)]
ay ’ '}/)\’J b b b
a<x<b, (28)
3 rx,00=—sin[x(x, +0)—x(x, —0)]
ay I Y;\‘J b b b
a<x<b—a, (29
%X(x,0)=0 , b—a<x<b . (30)

Equations (28) and (29) follow from the continuity of the
supercurrent via interfaces, while (26), (27), and (30)
guarantee the absence of the current via the free bound-
ary.

The solution of Egs. (25)—-(30) can be found in the same
manner as we have done in calculating the film resistivity
in Sec. III. Taking advantage of the periodicity of the sys-
tem, we can introduce the constant phase difference be-
tween the layers by the relationships

X(x,s+£0)=x(x —a,*0)+¢, 31)

and reduce the problem to the solution of the equation in
a single layer. The inequalities (8) provide the possibility
to find this solution in the form of series on the parame-
ters s /a, s /Ay, and a /A; and we finally obtain

sin. 2ab—b%*+sy —(x2+y?)/2, 0<x<a,
=P b —aP/2—ax+sy , a<x<b—a, (32)
d bx +(y2—x2)/2, b—a<x<b.

The value of the total current flowing through the film
can be calculated by the integration

I:fob _ 8:;‘52 Ba;x(x,O) dx=£q—;%-)—sinq)o ,
(33)
resulting in
1.
Je= b—am =jo - (34)
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The difference between theoretical (j,~2.2X 10* A/cm?)
and experimental [j,=I,/(b —a)w=8X10’ A/cm for
w =5 pm] values of critical current density at 7=4.2 K
reveals that it is the mixed state in the film that is respon-
sible for the critical current value.

For a C sample, at zero external magnetic field we can
expect the formation of two kinds of mixed states. As
follows from (32), in the interior part of the film super-
current flows basically in the y direction, generating a
component of the magnetic field parallel to the layers.
This component results in the formation of mixed state
due to penetration of the Josephson vortices in the sam-
ple between the Cu-O layers [see Fig. 3(b)]. The struc-
ture of these vortices is closer to the Abrikosov ones rath-
er than to the usual Josephson ones.?! The existence of
two characteristic lengths in (20), as in the Abrikosov
case, results in the formation of a core region with a ra-
dius of the order of A;. But in contrast to the Abrikosov
vortices there is no suppression of the order parameter in
the Cu-O planes in this core region. It corresponds to the
area where supercurrent increases with the distance /
from the vortex center, achieving the maximum critical
current density at /=I,~0.5A;. At />, the super-
current density falls exponentially with decay lengths A,
and A, in the plane (x) and perpendicular to the plane (y)
directions, respectively.

From (32) it follows that tin our tilted C samples we
also have a current along the Cu-O layers:

c®Pga

CO8mAIAL

cPya a.

8miAls? s Iy

Jx (35)
with a current density approximately 10 times larger than
in the direction perpendicular to the Cu-O plane. It gen-
erates a component of the magnetic field perpendicular to
the superconducting planes, resulting in the formation of
a mixed state with vortices in the characteristic pancake
structure.”> In this case the I, value is defined by the
transition so the system into a dynamic mixed state of the
pancake.

For an A sample, the current distribution only allows
the formation of the pancake vortices. The different
shapes of the I-V characteristics systematically observed
for A and C samples can be understood as the result of
the motion of the two types of vortices. For 4 samples,
the I-V curve [Fig. 4(a)] is quite similar to that obtained
from most other superconducting films under pancake-
vortex flow. For C samples, however, the existence of the
Josephson vortices results in the generation of other types
of flux flow. It has been predicted that, under a periodic
and harmonic pinning potential, the stable and synchro-
nous motion of the vortices would produce an RSJ-like
I-V characteristic taking the expression®?

V=R,(I*—12)*, a= (36)

hs

5 -
The critical current density of the C sample is much
smaller than that of A sample, indicating a weaker
effective pinning force in these samples. From the ob-
served I-V characteristic of the C samples, we found it
could be fitted to expression (36) rather well with the
power a==0.4-0.8 (Fig. 9), agreeing with the prediction.
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FIG. 9. Power-law fitting of I-V characteristics of a C sam-
ple. It shows it can be expressed in a form V=R, (I>—I2)*
with a~0.75 for this particular sample.

We believe the voltage-generating mechanism in C sam-
ples is the motion of the Josephson vortices, not that of
the pancake vortices. This is because in the usual c-axis
film, which only contains pancake vortices, such an “up-
turned” (a < 1) I-V characteristic has never been report-
ed. In addition, this could be an observation of such I-V
characteristics obtained from a flux-flow system.

The absence of the ac and dc Josephson effects can also
be explained by this model, for critical currents in these
junctions are not restricted by the Josephson effect, but
by the flux flow. The motions of these large number of
vortices are impossible to be synchronized by the external
microwave irradiation. The observed field dependence of
the I, in magnetic fields perpendicular to the C-sample
surface (¢=90° and £=90° of Fig. 8) are very similar to
that of the typical c-oriented temperature superconductor
(HTS) films, confirming the vortex-flow picture. For a
stack of small thickness d <A,, which is close to our
case, the magnetic-field component with ¢=0° and {=0°
cannot be screened by the superconductor. The magnetic
field parallel to the plane is distributed homogeneously in
the film, both in the superconducting Cu-O planes and in
the interlayer junctions, and does not affect the critical
current value due to the absence of the Meissner effect.
This directly follows from the measured dependencies of
I.(H), which confirm that for both ¢ and ¢ scans there is
practically no influence of the external magnetic field on
I, at $=0° and {=0°, respectively. So we can conclude
that it is not the Josephson coupling as in the spatially
homogeneous junction that is responsible for the critical
current value.

VII. CONCLUSIONS

a- and c-axis transport measurements with well-
controlled junction geometry were performed on tilted
Bi,Sr,CaCu,0, thin films. The quality of the films was
rather _good, having an anisotropy parameter of
y=\/pc /p,=~150, and without showing any obvious
formation of intergrowth or other crystals phases. The
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scope of the observed data reveals that the voltage-
generating mechanism in both configurations is due to
the motion of vortices (pancake vortices for the A4 sam-
ples; Josephson vortices for the C samples), not the
Josephson effect. It reduces the critical current density
by many orders of magnitude below the theoretical value
Jo- The field dependence of the critical current in Fig. 8,
with ¢=90° and £{=90°, also supports such a mecha-
nism. Perhaps this is reasonable considering the fact that
the specific geometry of our samples is larger than the
Josephson penetration depth of the material. The con-
straints in the sample geometry,

w,b <<A; , (37

should be satisfied, in order not to introduce Josephson
vortices into the sample. Compared to our experiment,
the experiment described in Ref. 5 had an even smaller j,
and larger geometrical junction size. In the light of our
experimental results and analysis, a consistent demon-
stration of the interlayer Josephson effect in these materi-
als should be, and is yet to be, performed in a more con-
vincing and more systematic manner.

The second important point inferred from the experi-
mental data is the observed independence of the critical
current upon the magnetic field parallel to the layer. It
means that under the condition of Eq. (37), which
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guaranteed the absence of the mixed state of Josephson
vortices in the stack,* the conditions, which lead to the
absence of magnetic-field screening by the superconduct-
ing CuO planes,

w,b <A, , (38)

should be satisfied simultaneously, since A,=A; in the
Bi-based material. That means that if we succeeded in fa-
bricating this type of structure we would realize a unique
Josephson element whose proprieties are not influenced
by the external magnetic-field environment. The possibil-
ity of fabricating this type of structure is quite high even
with present-day technology, because of the rather large
London penetration depth at zero temperature for HTS
materials from 140 to 350 nm.?* 32 Fabrication of such
magnetically independent Josephson junctions is in pro-
gress now.
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FIG. 1. RHEED patterns of a Bi,Sr,CaCu,0, film grown on
tilted substrates with electron beams in the [110] direction (a)
and in [1 10] direction (b).



FIG. 2. TEM picture of the film cross section.



