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c-axis Josephson tunneling between Bi2Sr2CaCu2O81x and Pb

M. Mößle and R. Kleiner
Physikalisches Institut III, Universita¨t Erlangen-Nu¨rnberg, D-91058 Erlangen, Germany

~Received 28 August 1998!

We have fabricated Josephson tunnel junctions between Bi2Sr2CaCu2O81x ~BSCCO! single crystals and Pb.
Current flow is perpendicular to the CuO2 double layers of the BSCCO single crystal. The surface of the
crystals used is almost atomically flat with less than one half unit-cell growth step per 50mm. At low
temperatures, the current-voltage characteristics exhibit a well-developed Pb gap as well as a nonzero Joseph-
son current. In external magnetic fields oriented parallel to the junction barrier the critical current follows
closely a Fraunhofer diffraction pattern indicating that the critical current density is homogeneous over the
whole junction area. In external microwave fields, Shapiro steps appear at voltages that are multiples off F0

showing that the Josephson currents are caused by first-order tunneling processes. The results strongly indicate
that the superconducting order parameter of BSCCO has a nonzeroscomponent. The product of critical current
I c and normal-state resistanceRN of the junctions ranged between 0.5 and 8mV, with an average value of
2.8 mV. An analysis of theI cRN products and ofI c vs temperature suggests that thes component is about
three orders of magnitude smaller than the full order parameter that is generally presumed to havedx22y2
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I. INTRODUCTION

The exact symmetry of the superconducting order par
eter in high-temperature superconductors is still the sub
of ongoing debate.1–7 Theories based on a repulsive pairin
interaction predict puredx22y2 symmetry, and, at least fo
some high-temperature superconductors, there is convin
experimental evidence that the order parameter
indeed dx22y2 symmetry. Most experiments have be
done on YBa2Cu3O7 ~YBCO!,8–27 Bi2Sr2CaCu2O81x

~BSCCO!,28–34 and Tl2Ba2CuO6 ~TBCO!.31–36 On the other
hand,c-axis tunneling experiments between YBCO and
have shown that there must be a nonvanishings component
of the superconducting order parameter in YBCO.37–45 The
amount ofs relative to dx22y2, however, is unclear. Mos
c-axis experiments are basically insensitive even to a h
dx22y2 component. On the other hand, phase-sensitive
periments probing the sign change of thedx22y2 component
in the CuO2 planes can allow for a relatively large admixtu
of s before the sign change is lost. From the small values
the product of the critical currentI c and the normal-state
resistanceRN , as measured in thec-axis experiments, one
might guess that thes part is small, possibly on the order o
a few per cent or less. A~small! s component of the orde
parameter of YBCO may have simple explanations. YBC
has an orthorhombic distortion occurring along the Cu
bonds of the CuO2 layers. As a result, thedx22y2 order pa-
rameter and thes order parameter belong to the same rep
sentation of the crystal symmetry group. Admixturesd6s
may lead to a distorted order parameter as shown in Fig
In addition, the CuO chains located between the CuO2 layers
might be superconducting as well, making the situation e
more complicated. In order to decide whether or not as
component is inherent to high-temperature superconduct
there is thus a strong need to extend investigations to m
simple materials. There are hints from torque measurem
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that TBCO has mixedd1s symmetry.46 The critical current
of BSCCO Josephson junctions formed between CuO2 layers
being twisted with respect to each other about thec axis
shows basically no dependence on the twist angle.47,48,6

It was our intention to investigatec-axis tunnel junctions
between Pb and BSCCO in analogy to thec-axis Pb/YBCO
experiments. There are no CuO chains in BSCCO, but th
is a distortion of the CuO2 layers due to a superstructure
the BiO layers. However, the distortion of the CuO2 layers is
diagonal to the Cu-O bonds49,50 and should lead at most to
diagonally distortedd-wave order parameter~cf. Fig. 1!. As a
result, thes anddx22y2 order parameters belong to differe
representations of the crystal symmetry group and should
mix.51 In that case, positive and negative contributions fro
the ~distorted! d-wave order parameter to thec-axis super-
current completely cancel each other. Thus a nonzero su
current in ac-axis Pb/BSCCO Josephson tunnel juncti
cannot be explained by trivial reasons.

Experiments withc-axis Pb/BSCCO junctions have re
cently been performed by several groups; in these exp

FIG. 1. Schematic drawing of order-parameter distortion
YBCO and BSCCO, respectively. Rectangles symbolize the Cu2

layer, and the open and gray circles symbolize O and Cu, res
tively.
4486 ©1999 The American Physical Society
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ments no Josephson current was observed.52,53 In Ref. 54 we
reported results where the Josephson current was nonzer
that stage the homogeneity of the critical current density
the samples was far from perfect. For the results presente
this paper, we improved our preparation technique. In
experiments, we evaporate Pb electrodes onto the surfa
freshly cleaved BSCCO single crystals. BSCCO cleaves
ily between the BiO layers, and, as a result, almost ato
cally flat surfaces can be produced. In order to show t
BSCCO has ans-wave order-parameter component, we p
ceed as follows. We measure current-voltage (I -V) charac-
teristics at various temperatures, in external magnetic fie
directed parallel to the CuO2 layers of the crystal, and in
external microwave fields. From the shape of theI -V char-
acteristics, information on the quality of the tunneling barr
can be obtained. For a good tunnel junction, the subgap
sistance should be as large as possible and a well-devel
Pb gap should be present. In addition, there should be
structures 4 and 8 mV above the Pb gap associated with
electron-phonon coupling in Pb, assuring that the tunne
process is single stage.55 In the presence of a Josephson c
rent, its homogeneity can be measured by recording
magnetic-field dependence of the critical current. In pr
ciple, a nonzero Josephson current can result from sec
order tunneling processes even for a puredx22y2 order
parameter.56 Such processes can be identified or ruled out
measuring microwave-induced steps in theI -V
characteristics.43 If the Josephson current is uniform and
first order, it has to arise from ans-wave component of the
order parameter in BSCCO. More quantitative conclusio
about the magnitude and the critical temperature of this c
ponent can subsequently be drawn from an analysis of
I cRN products and the temperature dependence of the cri
current. In this paper we will show that our junctions fulfi
almost all quality criteria. The only quantity we were n
able to determine was the Pb phonon structure. Due to
trinsic Josephson junctions57–70 located underneath the Pb
BSCCO junctions it was impossible to obtain sufficien
large voltages across the Pb/BSCCO junction. We will sh
that ans component of the order parameter is present;
magnitude is most likely three orders of magnitude sma
than thed component.

II. EXPERIMENT

The BSCCO crystals were grown in oxygen atmosph
out of a stoichiometric mixture of the oxides an
carbonates.71 X-ray diffraction confirmed that the crystal
were single phase Bi~2212!, and electron-induced x-ra
analysis indicated a cation stoichiometry of approximat
Bi:Sr:Ca:Cu 2.3:2.2:1:2. In order to achieve a homogene
oxygen content the crystals were annealed in oxygen
8–10 h at 420 °C. The inductively measured critical te
perature of the crystals was 87 K, with a transition width
2 K. For the experiments single crystals of typically 133
30.1 mm3 were selected. They were embedded in epo
with only one surface parallel to the CuO2 planes uncovered
Immediately before evaporation of the Pb counter electr
the uppermost BSCCO layers were removed with a sti
tape in order to get a very clean and smooth surface. A
this step the edges and a part of the outermost surface o
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crystal were covered by epoxy leaving a window of appro
mately 0.231.5 mm2 of free BSCCO surface. The sample
were then mounted into a vacuum chamber and three, t
cally 0.3 mm wide, stripes of Pb, plus interlayers, we
evaporated through a shadow mask. With this proced
threec-axis Pb/BSCCO tunnel junctions are formed with tw
sides of each junction defined by the Pb stripes, and the o
two sides defined by the edge of the epoxy layer. We fa
cated junctions with pure Pb electrodes, with Pb/In a
Pb/Bi alloys, as well as with Au or Ag interlayers betwee
Pb and BSCCO. The thicknesses of the interlayers were
ied between 1 and 6 nm. Without interlayer, tunnel junctio
exhibiting a well-developed Pb gap and a nonzero super
rent could be made; however, these junctions degra
within a few minutes due to a strong oxygen reduction of
uppermost BSCCO layers by the Pb electrode. For th
samples, the resistance of the tunnel barrier was ab
1 mV cm2, and the critical supercurrent density was abo
1 mA/cm2. With interlayers the time scale for degradatio
increased to 1–2 h, and the barrier resistance droppe
values between 0.5mV cm2 and 1 mV cm2. Correspond-
ingly, the critical supercurrent densities increased to val
between 4 mA/cm2 and 5.5 A/cm2. The best and most re
producible results were obtained for a 1-mm-thick Pb layer
and a 2-nm-thick Ag interlayer. Unless otherwise stat
measurements presented in this paper were made with j
tions fabricated with this procedure.

For a well-definedc-axis tunnel contact the BSCCO su
face should be as plane as possible. Growth steps might
duce a contact inab direction, and the measured supercu
rents might trivially result from tunneling along the plane
However, the fact that BSCCO cleaves easily along the B
layers allowed us to produce extremely flat surfaces.
measured the surface roughness of three samples by at
force microscopy~AFM!. Altogether 30 pictures were made
Most pictures showed one growth step with a height of o
half unit cell of the BSCCO crystal in an area of 3
330 mm2. Seven pictures were even free of any step. F
ure 2 shows a typical example. In the figure one growth s
with 15 Å height~a half unit cell! can clearly be seen. From
the AFM data we calculated the ratio between the area inab
direction and the area inc direction to 231025. If the su-
percurrent were to flow exclusively through the sidewalls
the growth steps, the critical supercurrent densities wo
have to be as large as some 105 A/cm2, a value that already
would be exceptionally large for tunnel junctions. Als
within a typical junction length of 0.3 mm there are on
about five growth steps. We will show later that th
magnetic-field dependence of the critical supercurrent

FIG. 2. AFM picture of a 25325 mm2 section of the surface o
a cleaved BSCCO single crystal showing one growth step of 15
height.
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4488 PRB 59M. MÖßLE AND R. KLEINER
lows an almost perfect Fraunhofer pattern; this cannot
explained by current flow exclusively through the sidewa
of the growth steps.

One voltage and one current lead were connected to e
Pb electrode with conductive silver paste. Any of the th
junctions could be measured in a four-terminal configurat
by using one of the remaining junctions as current lead
the other as voltage lead. Figure 3 shows a schematic d
ing of the junction geometry with the three Pb electrodes
a BSCCO single crystal embedded in epoxy. In Fig. 3~a! one
1-mm -thick Pb electrode and the 2-nm-thick Ag interlay
are shown. Figure 3~b! shows the setup for the measureme
of the I -V characteristics. Current flow is from the left to th
right electrode through the uppermost layers of the BSC
crystal. The voltage is measured between the left and
middle Pb electrode. In this case the left Pb/BSCCO junct
is measured. For the measurements the samples
mounted in vacuum. All measurements were done in tri
m-metal shielding and in an electrically shielded enviro
ment. Temperatures could be varied between 1.7 K
300 K. Microwave fields from 2 to 20 GHz were applie
via a semiridgid cable. Magnetic fields of up to 10 G d
rected parallel to the CuO2 layers and parallel to the lon
sides of the Pb stripes were applied by a superconduc
coil. In order to avoid trapped flux, the samples had to
cooled as slow as 0.2 K/min throughTc of BSCCO. These
slow cooling rates in a shielded environment were essen
for measuring Josephson supercurrents.

III. RESULTS AND DISCUSSION

In this section will first focus onI -V characteristics at low
temperatures. Then we will address the temperature de
dence of theI -V characteristics and the critical current.
the third part, measurements in magnetic fields are discus
Finally, we will present data measured in external mic
wave fields.

A. I -V characteristics at low temperatures

Figures 4~a! and 4~b! show the I -V characteristic of
sample mb232 as measured atT51.8 K on two different
current and voltage scales. There is a Josephson current

FIG. 3. Schematic drawing of thec-axis Pb/BSCCO junctions
~a! shows the BSCCO crystal embedded in epoxy with
1-mm-thick Pb and the 2-nm-thick Ag layer;~b! shows the arrange
ment of the electrical contacts to the three junctions. In the confi
ration shown in~b! the I -V characteristic of the left junction is
measured.
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a critical current ofI c520 mA @Fig. 4~b!#. The junction
area was 0.04 mm2 yielding a critical current densityj c
532 mA/cm2. The I -V characteristic is highly hystereti
with a return currentI r51.6 m A. For voltages below
100 mV the ~subgap! resistance is approximately linear,Rs
'2.8 V. With increasing voltage the differential resistan
decreases reaching a minimum of 0.072V at a voltage of
about 1.3 mV. At larger voltages theI -V characteristic be-
comes linear with a differential resistance ofRN
50.074 V (RNA530 mV cm2), a factor of 38 less than
RS . The ratioRs /RN is on the lower side of what could b
expected for a tunnel junction at low temperatures. Howev
we will show later in Fig. 7~c!, thatRs has not yet saturated
at 1.8 K. Thus,Rs /RN can be expected to increase further
lower temperatures. The voltage position of the resista
minimum is close to the ideal value of the Pb gap, 1.35 m
showing that the order parameter on the Pb side essent
keeps its full value at the barrier. It also shows that no or
least no significant~minimum! energy gap is present on th
BSCCO side. This is certainly the case if the order param
of BSCCO had puredx22y2 symmetry. In the presence of
~small! s component the order parameter would still be ga
less if the admixture occurs in the forms6d. For an admix-
ture s6 id the s component would lead to a nonzero ener
gap. However, we will show in the next section thatDs is
most likely less than 20m V for an admixtures6 id. This
value is too small to shift the resistance minimum meas
ably from the Pb gap value. Since theI -V characteristic is
almost linear at low voltages@Fig. 4~b!#, the resistively
shunted junction~RSJ! model72,73with Rs as the resistor may
be used to analyze the hysteresis of theI -V characteristic and
to extract the junction capacitance and the dielectric cons
of the barrier. Within the RSJ model, the ratioI r /I c is deter-
mined by the McCumber parameterbc52pI cRs

2C/F0 .
Here,C denotes the junction capacitance andF0 is the flux

e

-

FIG. 4. I -V characteristic of sample mb232 atT51.8 K ~a! on
large current and voltage scales and~b! on expanded current an
voltage scales. Inset in~a! shows differential conductancedI/dU vs
U.
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TABLE I. Parameters of some of the Pb/BSCCO junctions. All samples listed here were prepared
1-mm-thick Pb layer as electrode and Ag as interlayer. The interlayer thicknessd is listed in the last column.

Sample A (mm2) I c (mA) RN (V) I cRN (mV) RNA (mV cm2) j c (A/cm2) d ~nm!

mb232 0.040 20 0.074 1.5 29.6 0.05 2
mb172 0.049 1000 0.005 5 2.54 2.04 2
mb173 0.033 850 0.009 7.7 2.97 2.60 2
mb162 0.088 160 0.043 6.9 37.8 0.18 2
mb122 0.052 190 0.04 7.6 20.8 0.375 1.5
mb123 0.062 28 0.043 1.2 26.7 0.045 1.5
mb103 0.06 6 0.27 1.6 162 0.01 2.5
mb023 0.06 3280 0.0008 2.6 0.48 5.47 6
pb253 0.48 100 0.03 3 144 0.021 6
pb231 0.011 1 0.5 0.5 55 0.0091 6
pb223 0.053 5 1 5 530 0.0094 6
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quantum. Forbc@1, I r /I c'4/pAbc. The measured value
I r /I c'0.08 corresponds to abc of about 250. By using the
measured valuesI c520 mA and Rs52.8V one findsC
51.6 nF. With an estimated barrier thickness of 1 nm t
yields a reasonable value for the dielectric constant of ab
4.5. The product of critical current and normal resistance
sample mb232 at 1.8 K is 1.5mV. Note that this value is
much less than what could be expected for theI cRN product
between twos-wave superconductors. Using the express
~valid at T50 K) ~Ref. 75!

I cRN5
2DPbDBSCCO

DPb1DBSCCO
KS DBSCCO2DPb

DBSCCO1DPb
D , ~1!

where K denotes the complete elliptic integral, and a va
DBSCCO of 25–30 mV,76 one would estimateI cRN'6 mV,
which is three orders in magnitude larger than the measu
values of 0.5–8mV. However, I cRN values of somemV
are comparable to values measured forc-axis Pb/YBCO tun-
nel junctions on YBCO thin films.40 For temperatures below
10 K RN was essentially temperature independent.
sample mb232, for example,RN was 0.07V at T58 K, just
aboveTc of the Pb electrode, in good agreement with t
value measured belowTc . For that reason, we routinely de
terminedRN at 8 K for all samples.

We have measuredI -V characteristics of about 5
samples, where we used different materials for the electro
and the interlayers. All junctions showed a substantial sup
current and a clear Pb energy gap. The best results w
obtained for the 25 junctions made with pure Pb as electr
and Ag as interlayer. Junctions made with other materi
for example, Pb-Bi or Pb-In as electrodes and Au as in
layer, were not as homogeneous as the Pb/Ag/BSCCO j
tions. Table I contains properties for a selection of junctio
out of the Pb/Ag/BSCCO series. Junction areas could be
ied between 0.01 and 0.5 mm2. The Josephson current de
sities j c ranged between 4 mA/cm2 and 5.5 A/cm2, RNA
between 0.5mV cm2 and 800 mV cm2. The variation for a
given thickness of the Ag layer is stronger than any syste
atic variation with the Ag thickness. Most likely, the reas
for the strong varation inj c and RN is the variation in the
time elapsed between deposition of the Pb electrodes
cooldown. Despite thej c and RN variation by up to three
s
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r-
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s
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orders of magnitude, theI cRN product was always betwee
0.5 mV and 8 mV, with an average value of 2.8m V. The
weak variation ofI cRN can be seen more clearly in Fig.
where we showI cRN(T51.8 K) vs I c for all samples out of
the Pb/Ag/BSCCO series.

For sample mb232~Fig. 4! the I -V characteristic was only
measurable for bias currents up to 20 mA, where the volt
across the junction was about 2 mV. For larger curren
Ohmic heating warmed up the crystal. Nonetheless so
samples could be traced up to higher voltages. An examp
shown in Fig. 6~a! for sample mb122, measured atT
52 K, where the maximum voltage was 8 mV. Th
sample had a critical current of 190mA @lower right inset in
Fig. 6~a!#. For bias currents above 13.6 mA theI -V charac-
teristic develops an additional branch. Figure 6~b! shows an
I -V characteristic of the same sample measured aT
58 K. The critical current of the Pb/BSCCO junction a
well as the Pb gap have disappeared@cf. inset in Fig. 6~b!#,
whereas the additional jump still occurs at essentially
same current. Also note that for currents below the jump
I -V curve is linear. There is no indication of a zero bi
anomaly that should be expected if part of the current w
to flow parallel to the CuO2 layers.53 This further confirms
that the current transport is perpendicular to the layers.

Multiple branching is well known fromc-axis transport
measurements of BSCCO single crystals.57–70 It starts when
the weakest intrinsic Josephson junction, formed by adjac
CuO2 double layers, switches into the resistive state. In
rect measurements of the intrinsic Josephson effect stack

FIG. 5. Product of critical current and normal resistanceI cRN vs
critical currentI c . I c was measured at 1.8 K, andRN was deter-
mined at 8 K.
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4490 PRB 59M. MÖßLE AND R. KLEINER
intrinsic Josephson junctions are usually made by pattern
mesa structures on top of BSCCO single crystals. In the
ometry discussed here, no mesa structure is—at leas
purpose—fabricated underneath the Pb/BSCCO junct
However, the Ag and Pb layers cover some growth isla
~cf. Sec. II! such that ‘‘mesas’’ formed by these islands a
connected in series with the Pb/BSCCO junction@cf. upper
left inset in Fig. 6~a!#. For ~artificially patterned! mesa struc-
tures, the characteristic voltage of intrinsic junctions, i.e.,
voltage jump at the critical current of a given junction,
typically 25 mV.77 In contrast, in the geometry discusse
here we often find much smaller values. For example,
voltage jump in Fig. 6~a! is 5 mV. However, reduced value
of Vc are not surprising since the growth steps are at le
partially covered—and thus shunted—by the Ag and
layer. An example where Vc is close to optimum is discusse
in Schlengaet al.77 We have seen the additional branching
many samples. Often, some 3–5 additional branches
peared. Typically, the branching occurred at currents 2
orders of magnitude larger thanI c .

In the context of tunneling between Pb and BSCCO
appearance of the additional branches is important at lea
two ways. First, they prevent measuring the pureI -V char-
acteristic of the Pb/BSCCO junction up to large voltages.
example, the maximum voltage drop across the Pb/BSC
junction in Fig. 6~a! was 1.3 mV. Measurements beyond
mV would be important to detect Pb phonon structures~lo-
cated 4 and 8 mV above the Pb gap.55! So far, none of the
samples allowed the measurement of these structures.
ond, however, the additional branches can be used as se
to probe the critical temperature of the CuO2 layers located
next to the Pb/BSCCO interface simply by measuring
critical current of the intrinsic junctions~and its disappear
ance! as a function of temperature. For the sample shown
Fig. 6, Tc was 36 K and for the other samplesTc varied
between 28 and 60 K~cf. Table II!. In contrast, the bulk

FIG. 6. I -V characteristic of sample mb122 at a temperature
~a! 2 K and ~b! 8 K showing an additional branch due to an i
trinsic junction switching to the resistive state. Lower right inset
~a! and inset in~b! show theI -V characteristic on expanded curre
and voltage scales. Upper left inset in~a! shows a schematic draw
ing of the proposed location of the intrinsic junction.
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critical temperature of the BSCCO single crystals w
around 87 K. It seems natural to ascribe the reducedTc of
the outermost layer to a strong oxygen reduction by the
film. As a consequence, all measurements discussed
were performed on strongly underdoped BSCCO.

B. Temperature dependence

We now return to the properties of the Pb/BSCCO jun
tion and discussI -V characteristics as function of temper
ture. In Fig. 6 we already showed that the Josephson cur
disappeared above the critical temperature of the Pb e
trode. The temperature dependence of theI -V characteristic
of sample mb232 below 8 K is more clearly shown in Fig
for T53.1 K, 5.5 K and 8 K. Note that a measurement

f

TABLE II. Critical current, characteristic voltage, and critica
temperature of the weakest intrinsic Josephson junction for
Pb/BSCCO samples.

Sample I c, intrinsic ~mA! Vc ~mV! Tc ~K!

mb122 13.6 5.0 36
mb123 0.6 17 60
mb103 16 4.8 55
mb232 16 2.9 28
pb231 0.5 0.1 50

FIG. 7. I -V characteristics of sample mb232 at~a! 3.1 K, ~b!
4.2 K, and~c! 8 K. Insets in~a!, ~b!, and lower right inset in~c!
show the same characteristic on expanded current and vo
scales. Upper left inset in~c! shows Rs vs temperature.
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the same sample atT51.8 K is shown in Fig. 4. When the
temperature is increased from 1.8 K, the subgap resista
strongly decreases. For example, its value at 3.1 K
0.55 V @Fig 7~a!#, and its value at 5.5 K is 0.13V @Fig.
7~b!#. The dependence ofRs on temperature is shown as a
upper left inset in Fig. 7~c!. Note, that down to the lowes
measurement temperature, 1.8 K, no saturation is obs
able. As a result of the decrease ofRs with increasing tem-
perature, the I -V characteristic becomes nonhystere
around 5.5 K. Thus,bc'1. Using the capacitanceC
51.6 nF as calculated above, and withRs50.13 V, I c

512 m A at T55.5 K, we calculatebc'0.98 in very good
agreement.

Figures 8~a! and 8~b! show the critical current of sample
mb122 and mb232 as a function of temperature. AtT
52 K, the samples haveI cRN products of 7.6mV and
1.5 mV, respectively. In order to extract information from
I c(T) we adopt Tanaka’s and Kashiwaya’s theory for tunn
ing betweens-wave andd-wave superconductors.78 We as-
sume that the Pb order parameter has pures symmetry,
whereas the order parameter on the BSCCO side has bo
s and ad component. As discussed by Klemmet al.,51 for the
crystal symmetry of BSCCO an admixtures and dx22y2

would have to be of the forms6 idx22y2. However, for the
sake of completeness, we will also discuss admixtures
6d. We then may write DBSCCO5Ds6Dd cos 2f, or
DBSCCO5Ds6 iDd cos 2f.79 We numerically calculate the
expression

FIG. 8. Critical current of samples mb122~a! and mb232~b! vs
temperature~markers!. Dotted lines in~a! and ~b! correspond to a
BCS temperature dependence of the energy gap withTc5Tc,Pb

57.2 K. Curves in~a! correspond to Eq.~2! in thes6 id case with
Tc,d536 K, Dd530 meV, Ds518.5 meV and Tc,s512 K
~solid line!, Tc,s536 K ~dashed line!, and Tc,s57.2 K ~dash-
dotted line!. Curves in ~b! correspond to Eq.~2! with Tc,d

528 K, Dd530 meV, Ds53.65 meV and Tc,s511 K ~solid
line!, Tc,s536 K ~dashed line!, andTc,s57.2 K ~dash-dotted line!.
ce
is

rv-

-

an

I c~T!5
kBT

2eRN
(

n50,61,62, . . .
E

0

2p

df

3
DPb~T!DBSCCO~T!

Avn
21DPb

2 ~T!Avn
21uDBSCCO~T!u2

~2!

with the Matsubara frequenciesvn
252pkBT(n1 1

2 ). Equa-
tion ~2! has been derived under the assumptions that
Fermi surface~of BSCCO! is nearly two dimensional and
that the supercurrent arises from first-order tunneling. Fi
order tunneling between a pures-wave superconductor and
pure d-wave superconductor does not lead to a nonzero
sephson current and, as a consequence, Eq.~2! yields I cRN
50 for Ds50. For evaluation of Eq.~2! we assume a BCS
temperature dependence ofDPb, Ds , andDd .80 For sample
mb122, the critical temperature of the outermost BSCC
layer, as determined from the disappearence of the crit
current of the weakest intrinsic junction, was 36 K. Thus
seems natural to fix at least the critical temperature of thd
componentTc,d to T536 K. In order to compare Eq.~2!
with the measured value ofI c we assume thatRN does not
depend on temperature. We first discuss thes6 id case. The
dashed line in Fig. 8~a! is for Dd530 meV and Ds
518.5 meV. For these parameters, Eq.~2! yields I cRN(T
52 K)57.6 mV, as measured for sample mb122. The c
culatedI c(T) follows closely the temperature dependence
DPb, which is shown as dotted line in Fig. 8~a!. NearTc , the
calculatedI c(T) is slightly steeper than the measuredI c(T).
We next variedDd between 10 meV and 30 meV whil
keepingTc,d as well as the critical temperature of thes com-
ponentTc,s fixed to 36 K. Within this range, anI cRN value
of 7.6 mV at 2 K was achieved forDs between 9.5 and
18.5 meV, i.e., for a ratioDd /Ds between 1000 and 2000. I
all cases, the calculatedI c(T) followed very closely the tem-
perature dependence ofDPb. An s component might not nec
essarily have the sameTc as thed component. Therefore, in
a second step we also variedTc,s for Tc,d536 K and Dd
530 meV. As minimum value we testedTc,s5Tc,Pb. Best
agreement with the measuredI c(T) is achieved forTc,s
512 K @solid line in Fig. 8~a!#. ForTc,s,11 K, I c(T) was
well below the measured curve and did not fit the data. As
example, we show the curve withTc,s5Tc,Pb as dash-dotted
line in Fig. 8~a!. Curves forTc,s between 12 K and 36 K
were between the dashed and the solid curve in Fig. 8~a!. For
all values ofTc,s an I cRN(2 K) of 7.6 mV was achieved for
about the same value ofDs'18.5 mV. For an admixtures
6d a somewhat larger value ofDs , 51.5 mV, is required
to reproduce the measuredI cRN product. With the altered
Ds , the curves for a given value ofTc,s are almost indistin-
guishable from thes6 id case. Best agreement with the da
would be forTc,s511 K.

For sample mb232@Fig. 8~b!# the critical temperature o
the weakest intrinsic junction was 28 K. ThusTc,d was
fixed to 28 K andTc,s was varied between 7.2 and 28 K
We obtained the best fit to the measured data forTc,s
511 K, Dd530 meV, and Ds53.65 meV ~solid line!.
For these parameters Eq.~2! yields I cRN(T52 K)
51.5 mV as measured. For comparison, we again show
temperature dependence ofDPb as dotted line, and the cal
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culated I c(T) for Tc,s5Tc,d528 K, Dd530 meV, Ds

53.65 meV ~dashed line!, and for Tc,s5Tc,Pb, Tc,d
528 K, Dd530 meV, Ds53.65 meV ~dash-dotted line!.
For this sample, an admixtures6d would require Ds
510.2 mV and Tc,s510 K for the best fit.

Dd might be as large as 50 mV;81 in that case, for an
admixture s6 id (s6d), Ds would increase to
26 meV (79 meV) for sample mb122, and to
5.1 meV (15.5 meV) for sample mb232. In any case
value ofDs below 80 meV seems to be sufficient to fit th
data. This would mean that the fraction of thes component
relative to thed component is less than some 1023. There is
indication thatTc,s is smaller thanTc,d or, alternatively, that
Ds depends stronger on temperature than expected fro
BCS temperature dependence ofD. ~Note that, at T
57.2 K, for aTc,s of 12 K, Ds has decreased to 90% of i
zero temperature value, whereas for aDc,s of
36 K Ds(7 K)/Ds(0 K)50.9999). However, the differ-
ence betweenTc,s512 K andTc,s536 K is small and thus
the evidence for a reducedTc,s is at most weak. More im-
portant is the fact thatTc,s5Tc,Pb is not consistent with the
data. If the s component were induced by proximity w
would expectTc,s close toTc,Pb. I c(T) thus strongly indi-
cates that thes component does not simply arise from pro
imity to Pb.

C. Magnetic-field dependence

We begin this section with a discussion of theI -V char-
acteristics of the Pb/BSCCO junctions measured in magn
fields applied parallel to the CuO2 planes of the BSCCO
crystal. Figure 9 showsI -V characteristics of sample mb12
at T52 K for six values of the magnetic field. For clarity
curves are vertically offset. At zero field,I c5190 mA. For
B50.08 G, I c decreased to 25mA and a step appears at

FIG. 9. I -V characteristic of sample mb122 for six values
magnetic field applied parallel to the BSCCO layers, measure
2 K. For clarity, curves are vertically offset. The modulation of t
critical current with magnetic field as well as the appearance o
Fiske step is clearly seen.
a

tic

voltageU532 mV. For B50.1 G, the supercurrent is a
most zero, and the height of the step at 32mV reaches its
maximum value of 43mA. Curves for B
50.17 G, 0.24 G and 0.31 G show subsequent max
and minima ofI c . The step at 32mV can be identified as a
Fiske resonance.82,74 Fiske steps should appear at multipl
of voltagesU5F0c̄/2b; b is the junction width perpendicu
lar to the magnetic field, andc̄5cAd/«teff is the Swihart
velocity. Here,d'1 nm denotes the barrier thickness a
teff5(lBSCCO1lPb1d) is the effective-field penetration
depth;lBSCCO'170 nm andlPb'47 nm are the field pen
etration depths into the BSCCO and Pb electrodes, res
tively. From this expression, with U532 mV, b

5300 mm, one findsc̄593106 m/s, and«'5 in good
agreement with the estimate of Sec. III A.

We now turn to the magnetic-field dependence of
critical currentI c(B). For a homogeneous junction with la
eral dimensions not much larger than the Josephson pen
tion depth lJ5AF0 /(2pm0 j cteff), I c(B) is described by
the Fraunhofer patternI c(B)/I c(0)5usinx/xu, with x
5pAeffB/F0 and Aeff5teffb. For the samples discussed b
low, lJ ranged between 200mm and 600mm, andb was
between 100mm and 400mm. Thus,b is on the order of
lJ and the junctions can be considered as short junction
junction width of 400 mm yields Aeff587.2 mm2, and the
zeros of the critical current should occur at multiples ofB0
50.24 G. Forb5200 mm, B050.48 G. For many junc-
tions the measured magnetic-field dependence ofI c was
close to the Fraunhofer diffraction pattern. Three examp
are shown in Fig. 10. For sample mb173@Fig. 10~a!# the
zeros ofI c occur at multiples of 0.34 G. For this sampl
b5230 mm; the effective area is thus about a factor 1
larger than expected, possibly due to either flux compress
into the barrier or to a somewhat larger value oflBSCCO,
which should be expected for underdoped BSCCO. The s
line in Fig. 10~a! corresponds tousinx/xu. Data are very close
to this curve showing that the junction is homogeneous. D
could only be measured to slighty more than 1 G. For lar
fields ~Josephson! flux quanta penetrated in between th
CuO2 layers of the BSCCO crystal leading to a hystere
behavior of I c(B). Figure 10~b! shows I c(B) for sample
mb162 with a width of 260mm. Data are again very clos
to the Fraunhofer diffraction pattern, with the zeros ofI c
occurring at multiples of 0.24 G, a factor of 1.5 below th
expected value. Figure 10~c! showsI c(B) for sample mb122.
The first zero ofI c occurs at 0.1 G, but the next zeros a
not exact multiples of B0 . The solid line in the figure shows
I c(B) as calculated for the spatially varying critical curre
density shown in the inset. The current density peaks at
edges; however, it is still not too far from homogeneous.
particular, critical current densities as homogeneous as m
sured cannot arise from supercurrents flowing through
sidewalls of growth steps.

D. Microwave irradiation

In the above sections we have implicitly assumed that
c-axis supercurrent between BSCCO and Pb arises from fi
order tunneling processes. As shown by Tanaka,56 higher-
order tunneling processes lead to a nonvanishing Josep
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current even in the absence of ans-wave component of the
order parameter. In that case, the Josephson current p
relation becomesp periodic (I 5I csin 2d). For conventional
Josephson tunnel junctions, such second-order process
not contribute much to the total supercurrent because of
small tunneling probability. However, since the measu
values ofI cRN are extremely small, the supercurrent could
principle be caused by second-order processes. Second-
contributions can be identified easily by measuringI -V char-
acteristics in external microwave fields. For conventional
sephson tunnel junctions microwave-induced steps appe
multiples ofU5 f F0 . Here,f is the frequency of the externa
microwave field. In the limit ofbc@1, and withf larger than
the Josephson plasma frequencyf pl5AI c /CF0, the ampli-
tude of the step atUn5n fF0 , with n50,61,62, . . . is
given by the nth Bessel functionI n5I cuJn(Uac/ f F0)u.74

Here, Uac is a rf drive amplitude. For our junctions,f pl
'1 GHz. In contrast, thep-periodic current phase relatio
in the case of pure second-order tunneling leads
microwave-induced steps at voltagesUn5 1

2 nF0 ; their am-
plitudes are given byI n5I cuJn(2Uac/ f F0)u. In the case of
c-axis Pb/YBCO junctions, experiments in external micr
wave fields have proven that the Josephson current obse
in these junctions is due to first-order tunneling, with upp
limits for second-order contributions of about 1%.43 In the

FIG. 10. Magnetic-field dependence of the critical current
samples~a! mb173,~b! mb162, and~c! mb122. Solid lines in~a!
and ~b! correspond to Fraunhofer patternI c(B)/I c(0)5usinx/xu,
with x5pAeffB/F0 . Solid line in ~c! is calculatedI c(B) using the
critical current density distribution shown in the inset.
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experiments discussed here, microwaves were applied
range from 2 to 20 GHz for various temperatures. Figure
shows theI -V characteristic of sample mb122 in a 6.1 GH
microwave field atT52 K. Microwave-induced steps occu
at voltagesU5n fF0 , but not at voltagesU5(n1 1

2 ) f F0 .
The steps overlap strongly and even cross the voltage a
Since the junction was current biased, only some of the p
sible Shapiro steps could be traced out during one cy
After many cycles, however, random switching ensured t
all steps were included, even if their amplidude was mu
smaller than that of their neighbors. TheI -V characteristics
shown in this section were recorded with a storage osci
scope, and all points that have been recorded through m
cycles are shown. From Fig. 11 it is already evident that
observed supercurrent is at least dominantly of first or
and, consequently, that ans component of the order param
eter must be present. In order to get more quantitative res
we first look at the Shapiro step amplitudes as a function
Uac. In the presence of both a first- and a second-order c
tribution, the total supercurrent may be written asI 5I 0@(1
2a)sindo1a sin (2d01f)#;43 a50 corresponds to purely
first-order tunneling, anda51 to purely second-order tun
neling. The phase shiftf may be 0 orp, corresponding to
an admixtures6d, or p/2 or 3p/2, corresponding to an
admixtures6 id. In that case, the amplitude of the Shapi
step atU5n fF0 is given by

I n5I 0 max@~12a!Jn~Uac / f F0!sind0

1aJ2n~2Uac / f F0!sin~2d01f!#, ~3!

where one has to maximizeI n with respect tod0 . The results
are shown in Fig. 12~a! to 12~c! for a50 ~solid lines!, and
for a50.1 for the casess6d ~dotted lines! and s6 id
~dashed lines!. The curves differ only weakly, and the dat
taken from sample mb162 atf 57.2 GHz and from sample
mb023 at f 54.8 GHz, clearly cannot distinguish betwee
a50 anda50.1. However, the fact that the data are ve
well described by the Bessel function allows one to find
microwave drive level where a possible step atU5 1

2 f F0
would be largest. A more stringent limit fora can be set by
closely investigating theI -V characteristic at this value o
Uac . The height of this step is given by

I 1/25aI 0uJ1~2Uac / f F0!u. ~4!

r

FIG. 11. I -V characteristic of sample mb122 at 2 K in
6.1-GHz microwave field.
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Figure 12~d! showsI 1/2 for a50.1 for the casess6d ~dotted
lines! and s6 id ~dashed lines!. I 1/2 is largest whenI 0 has
decreased to about 77% of its value forUac50. Here,
I 1 /I 0' 1

2 , and I 2 is almost zero. Figure 13 shows theI -V

FIG. 12. Measured step amplitudes atU50 ~a!, U5 f F0 ~b!,
and U52 f F0 ~c! for samples mb162~open symbols! and mb023
~solid symbols! at microwave frequencies of 7.2 GHz~mb162! and
4.8 GHz ~mb023!. Solid lines in~a! to ~c! are computed step am
plitudes for first-order tunneling (a50), dotted lines are fors6d
with a50.1, and dashed lines are fors6 id with a50.1. Data are
fitted to the first maximum ofJ0 . ~d! Amplitude of steps atU
5

1
2 f F0 , with the same notation anda50.1. The arrow indicates

the value ofUac / f F0 at which these steps have their maximum

FIG. 13. I -V characteristics at a microwave amplitude close
the value where the step atU5

1
2 f F0 is predicted to be maximum

~a! and ~b! are I -V characteristics of sample mb122 at 2 K in
6.9-GHz microwave field on different current scales, and~c! and~d!
are I -V characteristics of mb162 on different current scalesT
52 K, f 56.4 GHz).
characteristics for two samples~mb122 and 162!, irradiated
with the appropriate microwave power. Figures 13~a! and
13~b! are for sample mb122 on different current scales, a
Figs. 13~c! and 13~d! for sample mb162 on different curren
scales. Both samples as well as all other measured sam
showed no steps atU5 1

2 f F0 . For sample mb122, we would
have been able to detect a step with an amplitude of 3mA,
and for sample mb162 the minimum detectable step he
was 4.3 mA. With these values, from an analysis of Eqs.~3!
and~4! we then extract upper limits ofa53% ~mb122! and
a54.5% ~mb162!. Values for some other samples are list
in Table III. The data clearly show that any second-ord
distribution to the supercurrent would have to be less tha
few per cent. What would we expect fora assuming that the
ratio Dd /Ds were 104? Basically,a is given byDd /Ds times
the tunneling probabilityp; we do not know the exactp;
reasonable numbers might range between 1026 and 10210.
For the largest value, we would expect ana'1%, which is
just below our resolution. On the other hand, forp
510210, a could be as small as 1026; in that case, second
order contributions would clearly be undetectable.

IV. CONCLUSIONS

We successfully preparedc-axis Pb/BSCCO high-quality
Josephson tunnel junctions. All junctions exhibited a no
zero supercurrent. The critical current follows closely t
Fraunhofer diffraction pattern showing that the critical cu
rent density is essentially homogeneous. Together with
fact that the surfaces of our BSCCO single crystals are
most atomically flat it can be ruled out that the supercurr
arises exclusively from shunts through sidewalls of resid
growth steps. We have clear evidence from microwave
periments that the Josephson current originates from fi
order tunneling processes. Consequently, ans-wave compo-
nent of the superconducting order parameter has to
present also in BSCCO. In a strict sense, the data show
existence of thes component only in the vicinity of the in-
terface and at temperatures below theTc of Pb. However, the
temperature dependence of the critical current strongly in
cates that theTc of the s component is well above theTc of
Pb, and therefore it seems unlikely that thes component of
BSCCO is simply induced by the proximity of Pb. The lo
values of the measuredI cRN products and the temperatur
dependence of the critical current show that the fract
Ds /Dd is small, most likely below 1023. However, even

TABLE III. Upper boundarya of second-order contributions to
supercurrent for a selection of samples.

Sample a@s1d# (%) a@s1 id# (%)

mb232 3.5 3.0
mb173 3.5 3.0
mb172 2.5 2.0
mb162 4.5 4.0
mb122 3.0 2.5
pb253 2.0 1.5
pb223 2.0 1.5
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such a smalls component is nontrivial since it cannot b
explained simply by orthorhombicity or the presence of C
chains as in YBCO. Most of our experiments have been p
formed on highly underdoped BSCCO making the situat
even more interesting since possibles-wave contributions
might rather be expected on the overdoped than on the
derdoped side.
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