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c-axis Josephson tunneling between Bsr,CaCu,Og,, and Pb
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We have fabricated Josephson tunnel junctions betwegSr.BaCyOg, , (BSCCO single crystals and Pb.
Current flow is perpendicular to the Cy@ouble 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 pernbOAt 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 mulfiplgs of
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 noszensponent. The product of critical current
I, and normal-state resistan&g, of the junctions ranged between 0.5 andw8/, with an average value of
2.8 wV. An analysis of the .Ry products and of . vs temperature suggests that theomponent is about
three orders of magnitude smaller than the full order parameter that is generally presumed th-hgve
symmetry.[S0163-182€09)01006-1

l. INTRODUCTION that TBCO has mixed +s symmetry*® The critical current
of BSCCO Josephson junctions formed between Cla@ers
The exact symmetry of the superconducting order parambeing twisted with respect to each other about thaxis

eter in high-temperature superconductors is still the subjecthows basically no dependence on the twist afigfé?

of ongoing debaté>’ Theories based on a repulsive pairing It was our intention to investigate-axis tunnel junctions
interaction predict purel,._,2 symmetry, and, at least for between Pb and BSCCO in analogy to thexis Pb/YBCO
some high-temperature superconductors, there is convincirgPeriments. There are no CuO chains in BSCCO, but there
experimental evidence that the order parameter ha¥$ @ distortion of the Cuplayers due to a superstructure in
indeed d,»_,» symmetry. Most experiments have beenthe BiO layers. However, th(godlstortlon of the Culdyers is
done_on YBiCU0, (YBCO.S T Bi,SrCaCu0,.,  Gegonelio e CuiO bon® fand should ead at most 02

28-34 31-36 - . ..

(BSCCO, and ThBa,CuG; (TBCO). On the other bresult, thes andd,2_,2 order parameters belong to different
representations of the crystal symmetry group and should not
mix.>! In that case, positive and negative contributions from

hand, c-axis tunneling experiments between YBCO and P
have shown that there must be a nonvaniskirgmponent

of the superconducting order parameter in YBETD? The the (distorted d-wave order parameter to tteaxis super-

amo.unt ofs .relat|ve to dxzﬂ(z’ hoyvever,' IS unclear. Most current completely cancel each other. Thus a nonzero super-
c-axis experiments are basically insensitive even to a hugg rrent in ac-axis Pb/BSCCO Josephson tunnel junction
dle_yz compongnt. On 'Fhe other hand, phase-sensitive €Xsannot be explained by trivial reasons.

periments probing the sign change of the_,2 component Experiments withc-axis Pb/BSCCO junctions have re-

in the CuQ planes can allow for a relatively large admixture cently been performed by several groups; in these experi-
of s before the sign change is lost. From the small values of

the product of the critical current, and the normal-state
resistanceRry, as measured in the-axis experiments, one
might guess that the part is small, possibly on the order of

a few per cent or less. Asmall) s component of the order
parameter of YBCO may have simple explanations. YBCO
has an orthorhombic distortion occurring along the Cu-O
bonds of the Cu@layers. As a result, the,2_,2 order pa-
rameter and the order parameter belong to the same repre-
sentation of the crystal symmetry group. Admixtueks s
may lead to a distorted order parameter as shown in Fig. 1.
In addition, the CuO chains located between the ClaQers
might be superconducting as well, making the situation even
more complicated. In order to decide whether or not @  FIG. 1. Schematic drawing of order-parameter distortion in
component is inherent to high-temperature superconductivity BCO and BSCCO, respectively. Rectangles symbolize the ,CuO
there is thus a strong need to extend investigations to morneayer, and the open and gray circles symbolize O and Cu, respec-
simple materials. There are hints from torque measurementively.
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ments no Josephson current was obser¢etiin Ref. 54 we
reported results where the Josephson current was nonzero. At
that stage the homogeneity of the critical current density of
the samples was far from perfect. For the results presented in 0
this paper, we improved our preparation technique. In our
experiments, we evaporate Pb electrodes onto the surface of

freshly cleaved BSCCO single crystals. BSCCO cleaves eas- 10
ily between the BiO layers, and, as a result, almost atomi-

cally flat surfaces can be produced. In order to show that FIG. 2. AFM picture of a 25 25 um? section of the surface of
BSCCO has as-wave order-parameter component, we Pro-5 cleaved BSCCO single crystal showing one growth step of 15 A
ceed as follows. We measure current-voltat®/] charac- height.

teristics at various temperatures, in external magnetic fields

directed parallel to the CuOlayers of the crystal, and in crystal were covered by epoxy leaving a window of approxi-
external microwave fields. From the shape of th¢ char-  mately 0.2<1.5 mn? of free BSCCO surface. The samples
aCteriStiCS, information on the quallty of the tunneling barrierwere then mounted into a vacuum chamber and three, typ|_
can be obtained. For a good tunnel junction, the subgap re-ally 0.3 mm wide, stripes of Pb, plus interlayers, were
sistance should be as large as possible and a well-developggaporated through a shadow mask. With this procedure,
Pb gap should be present. In addition, there should be fingyreec-axis Pb/BSCCO tunnel junctions are formed with two
structures 4 and 8 mV above the Pb gap associated with thgdes of each junction defined by the Pb stripes, and the other
electron-phonon coupling in Pb, assuring that the tunnelingwo sides defined by the edge of the epoxy layer. We fabri-
process is single stagéln the presence of a Josephson cur-cated junctions with pure Pb electrodes, with Pb/in and
rent, its homogeneity can be measured by recording thep/Bj alloys, as well as with Au or Ag interlayers between
magnetic-field dependence of the critical current. In prin-pp and BSCCO. The thicknesses of the interlayers were var-
ciple, a nonzero Josephson current can result from secongsd between 1 and 6 nm. Without interlayer, tunnel junctions
order tunneling processes even for a pute_,2 order exhibiting a well-developed Pb gap and a nonzero supercur-
paramete?.e Such processes can be identified or ruled out b)fent could be made; however, these junctions degraded
measuring  microwave-induced steps in  thé-V  wijthin a few minutes due to a strong oxygen reduction of the
characteristicé® If the Josephson current is uniform and of uppermost BSCCO layers by the Pb electrode. For these
first order, it has to arise from amwave component of the samples, the resistance of the tunnel barrier was about
order parameter in BSCCO. More quantitative conclusiong m() cn?, and the critical supercurrent density was about
about the magnitude and the critical temperature of this comt ma/cn?. With interlayers the time scale for degradation
ponent can subsequently be drawn from an analysis of thgicreased to 1-2 h, and the barrier resistance dropped to
I Ry products and the temperature dependence of the criticglglues between 0.5:Qcn? and 1 nf) cn?. Correspond-
current. In this paper we will show that our junctions fulfill ingly, the critical supercurrent densities increased to values
almost all quality criteria. The only quantity we were not petween 4 mA/crh and 5.5 A/cri. The best and most re-
able to determine was the Pb phonon structure. Due to i”producible results were obtained for audm-thick Pb layer
trinsic Josephson junCtiOWS_m located underneath the Pb/ and a 2-nm-thick Ag inter'ayer_ Unless otherwise Stated’
BSCCO jUnCtionS |t was impOSSib|e to Obtain SuffiCient|y measurements presented in th|s paper were made W|th junc-
large voltages across the Pb/BSCCO junction. We will showjons fabricated with this procedure.
that ans component of the order parameter is present; itS Eor a well-definect-axis tunnel contact the BSCCO sur-
magnitude is most ||kE|y three orders of magnitude Sma”elface should be as p|ane as possib|e_ Growth Steps m|ght pro-
than thed component. duce a contact imb direction, and the measured supercur-
rents might trivially result from tunneling along the planes.
However, the fact that BSCCO cleaves easily along the BiO
layers allowed us to produce extremely flat surfaces. We
The BSCCO crystals were grown in oxygen atmospheraneasured the surface roughness of three samples by atomic
out of a stoichiometric mixture of the oxides and force microscopyfAFM). Altogether 30 pictures were made.
carbonateé! X-ray diffraction confirmed that the crystals Most pictures showed one growth step with a height of one-
were single phase Bi212, and electron-induced x-ray half unit cell of the BSCCO crystal in an area of 30
analysis indicated a cation stoichiometry of approximatelyx30 wm?. Seven pictures were even free of any step. Fig-
Bi:Sr:Ca:Cu 2.3:2.2:1:2. In order to achieve a homogeneouare 2 shows a typical example. In the figure one growth step
oxygen content the crystals were annealed in oxygen fowith 15 A height(a half unit cel) can clearly be seen. From
8-10 h at 420°C. The inductively measured critical tem-the AFM data we calculated the ratio between the aregbin
perature of the crystals was 87 K, with a transition width ofdirection and the area in direction to 2< 10" °. If the su-
2 K. For the experiments single crystals of typicallx®  percurrent were to flow exclusively through the sidewalls of
X0.1 mn? were selected. They were embedded in epoxythe growth steps, the critical supercurrent densities would
with only one surface parallel to the Cu@lanes uncovered. have to be as large as some 18/cm?, a value that already
Immediately before evaporation of the Pb counter electrodevould be exceptionally large for tunnel junctions. Also,
the uppermost BSCCO layers were removed with a stickyithin a typical junction length of 0.3 mm there are only
tape in order to get a very clean and smooth surface. Afteabout five growth steps. We will show later that the
this step the edges and a part of the outermost surface of threagnetic-field dependence of the critical supercurrent fol-
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FIG. 3. Schematic drawing of theaxis Pb/BSCCO junctions. 401 #mb232

(@ shows the BSCCO crystal embedded in epoxy with the T=1.8K

1-um-thick Pb and the 2-nm-thick Ag layelt)) shows the arrange- s 20r
ment of the electrical contacts to the three junctions. In the configu- < ol
ration shown in(b) the |-V characteristic of the left junction is =

measured. -20

()]
100 50 0 50 100
U(uv)

lows an almost perfect Fraunhofer pattern; this cannot be
explained by current flow exclusively through the sidewalls
of the growth steps.

One voltage and one current lead were connected to each FG. 4. |-V characteristic of sample mb232 1.8 K (a) on
Pb electrode with conductive silver paste. Any of the threqarge current and voltage scales afwl on expanded current and
junctions could be measured in a four-terminal configurationyoltage scales. Inset i@) shows differential conductanck/dU vs
by using one of the remaining junctions as current lead and.
the other as voltage lead. Figure 3 shows a schematic draw-
ing of the junction geometry with the three Pb electrodes orft critical current ofl.=20 wA [Fig. 4(b)]. The junction
a BSCCO single crystal embedded in epoxy. In Fig) 8ne ~ area was 0.04 mfnyielding a critical current density.
1-um -thick Pb electrode and the 2-nm-thick Ag interlayer =32 mA/cnt. The |-V characteristic is highly hysteretic
are shown. Figure(8) shows the setup for the measurementwith a return currentl,=1.6 wA. For voltages below
of the |-V characteristics. Current flow is from the left to the 100 nV the (subgap resistance is approximately lined&,
right electrode through the uppermost layers of the BSCCG=2.8 (). With increasing voltage the differential resistance
crystal. The voltage is measured between the left and théecreases reaching a minimum of 0.0¥2at a voltage of
middle Pb electrode. In this case the left Pb/BSCCO junctior@bout 1.3 mV. At larger voltages tHeV characteristic be-
is measured. For the measurements the samples wegemes linear with a differential resistance Ry
mounted in vacuum. All measurements were done in triple=0.074  (RyA=30 u() cn?), a factor of 38 less than
u-metal shielding and in an electrically shielded environ-Rs. The ratioRg/Ry is on the lower side of what could be
ment. Temperatures could be varied between 1.7 K anéxpected for a tunnel junction at low temperatures. However,
300 K. Microwave fields from 2 to 20 GHz were applied we will show later in Fig. 7c), thatRs has not yet saturated
via a semiridgid cable. Magnetic fields of up to 10 G di-at 1.8 K. ThusR./Ry can be expected to increase further at
rected parallel to the CuQlayers and parallel to the long lower temperatures. The voltage position of the resistance
sides of the Pb stripes were applied by a superconductingiinimum is close to the ideal value of the Pb gap, 1.35 mV,
coil. In order to avoid trapped flux, the samples had to beshowing that the order parameter on the Pb side essentially
cooled as slow as 0.2 K/min through of BSCCO. These keeps its full value at the barrier. It also shows that no or at
slow cooling rates in a shielded environment were essentidéast no significanminimum) energy gap is present on the
for measuring Josephson supercurrents. BSCCO side. This is certainly the case if the order parameter
of BSCCO had purel,._,> symmetry. In the presence of a
(smal) s component the order parameter would still be gap-
less if the admixture occurs in the forex:d. For an admix-

In this section will first focus om-V characteristics at low tures=id thes component would lead to a nonzero energy
temperatures. Then we will address the temperature depefap. However, we will show in the next section tig{ is
dence of thel-V characteristics and the critical current. In most likely less than 20u V for an admixtures=id. This
the third part, measurements in magnetic fields are discusse¥glue is too small to shift the resistance minimum measur-

Finally, we will present data measured in external micro-ably from the Pb gap value. Since the/ characteristic is
wave fields. almost linear at low voltage$Fig. 4(b)], the resistively

shunted junctioiRSJ model*®with R as the resistor may

be used to analyze the hysteresis ofithé characteristic and

to extract the junction capacitance and the dielectric constant
Figures 4a) and 4b) show thel-V characteristic of of the barrier. Within the RSJ model, the ratid| . is deter-

sample mb232 as measuredTat 1.8 K on two different mined by the McCumber parametg8,= 2l R2C/d,.

current and voltage scales. There is a Josephson current wikere, C denotes the junction capacitance abglis the flux

Ill. RESULTS AND DISCUSSION

A. |-V characteristics at low temperatures
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TABLE I. Parameters of some of the Pb/BSCCO junctions. All samples listed here were prepared with a
1-um-thick Pb layer as electrode and Ag as interlayer. The interlayer thickhisdisted in the last column.

Sample A (mmd) I, (uA) Ry (Q) IRy (nV) RyA (uQcm?) jo (Alem?)  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 25
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

quantum. ForB.>1, |,/ .~4/m\/B.. The measured value orders of magnitude, the.Ry product was always between
I,/1.~0.08 corresponds to A; of about 250. By using the 0.5 uV and 8 wnV, with an average value of 2.8 V. The
measured value$,=20 uwA and R,=2.8Q) one findsC  weak variation ofl Ry can be seen more clearly in Fig. 5
=1.6 nF. With an estimated barrier thickness of 1 nm thiswhere we show .Ry(T=1.8 K) vsl_ for all samples out of
yields a reasonable value for the dielectric constant of abouhe Pb/Ag/BSCCO series.
4.5. The product of critical current and normal resistance of For sample mb23gFig. 4) thel-V characteristic was only
sample mb232 at 1.8 K is 1..mV. Note that this value is measurable for bias currents up to 20 mA, where the voltage
much less than what could be expected forltffey product across the junction was about 2 mV. For larger currents,
between twos-wave superconductors. Using the expressiorOhmic heating warmed up the crystal. Nonetheless some
(valid atT=0 K) (Ref. 75 samples could be traced up to higher voltages. An example is

shown in Fig. 6a) for sample mbl122, measured at

=2 K, where the maximum voltage was 8 mV. This
(1) sample had a critical current of 190A [lower right inset in

Fig. 6(a)]. For bias currents above 13.6 mA th&/ charac-
where K denotes the complete elliptic integral, and a valud€ristic develops an additional branch. Figure)éshows an
Agscco Of 25-30 mV7® one would estimaté,Ry~6 mv, -V characteristic of the same sample measuredTat
which is three orders in magnitude larger than the measured8 K. The critical current of the Pb/BSCCO junction as
values of 0.5-8uV. However,| Ry values of someuv ~ Well as the Pb gap have disappeafefl inset in Fig. €b)],
are comparable to values measureddaxis Pb/YBCO tun- Whereas the additional jump still occurs at essentially the
nel junctions on YBCO thin film&% For temperatures below Same current. Also note that for currents below the jump the
10 K Ry was essentially temperature independent. Fof-V curve is linear. There is no indication of a zero bias
sample mb232, for exampl&, was 0.07 atT=8 K, just anomaly that should be expectedséf part of the current were
aboveT, of the Pb electrode, in good agreement with thet© flow parallel to the Cu@layers? This further confirms

value measured beloW, . For that reason, we routinely de- that the current transport is perpendicular to the layers.
terminedRy, at 8 K for all samples. Multiple branching is well known front-axis transport

R 0
We have measured-V characteristics of about 50 Measurements of BSCCO single crysfdig? It starts when

samples, where we used different materials for the electrodd€ Weakest intrinsic Josephson junction, formed by adjacent
and the interlayers. All junctions showed a substantial supe/©UC. double layers, switches into the resistive state. In di-
current and a clear Pb energy gap. The best results wefgct measurements of the intrinsic Josephson effect stacks of
obtained for the 25 junctions made with pure Pb as electrode
and Ag as interlayer. Junctions made with other materials, 10}
for example, Pb-Bi or Pb-In as electrodes and Au as inter- . . .
layer, were not as homogeneous as the Pb/Ag/BSCCO junc-
tions. Table | contains properties for a selection of junctions
out of the Pb/Ag/BSCCO series. Junction areas could be var-
ied between 0.01 and 0.5 mniThe Josephson current den-
sities j, ranged between 4 mA/chvand 5.5 A/crmi, RyA 0.1}
between 0.5 cn? and 800 Q) cn?. The variation for a
given thickness of the Ag layer is stronger than any system-
atic variation with the Ag thickness. Most likely, the reason
for the strong varation i, and Ry is the variation in the FIG. 5. Product of critical current and normal resistahd®, vs
time elapsed between deposition of the Pb electrodes anglitical currentl,. |, was measured at 1.8 K, am}, was deter-
cooldown. Despite thg¢. and Ry variation by up to three mined at 8 K.

2A PbA BSCCO ( A BSCCO A Pb)

I RN =
¢ ApytAgscco |\ Assccot App

LR(HV)

1 10 100 1000

1 (uA)
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growth island TABLE II. Critical current, characteristic voltage, and critical
10! (a) temperature of the weakest intrinsic Josephson junction for five
-Pb T=2K | Pb/BSCCO samples.
< : :
§, 0 T / il Sample Ic,intrinsic (mA) Vc (mV) Tc (K)
BSCCO o l mb122 13.6 5.0 36
-0 S 503 mb123 0.6 17 60
LMY mb103 16 4.8 55
#mb122 .. (b) mb232 16 2.9 28
10+ 1
R T=8K pb231 0.5 0.1 50
<E( ol '20.5 S |
= [ €00 / critical temperature of the BSCCO single crystals was
10} T-0.5; , 1 around 87 K. It seems natural to ascribe the redutedf
-ZOU(%V)ZO the outermost layer to a strong oxygen reduction by the Pb
8 6 4 20 2 4. 6 8 film. As a consequence, all measurements discussed here
Umv) were performed on strongly underdoped BSCCO.

FIG. 6. |-V characteristic of sample mb122 at a temperature of
(@ 2 Kand(b) 8 K showing an additional branch due to an in-
trinsic junction switching to the resistive state. Lower right inset in W€ now return to the properties of the Pb/BSCCO junc-
(a) and inset in(b) show thel -V characteristic on expanded current tion and discus$-V characteristics as function of tempera-
and voltage scales. Upper left inset(@ shows a schematic draw- ture. In Fig. 6 we already showed that the Josephson current
ing of the proposed location of the intrinsic junction. disappeared above the critical temperature of the Pb elec-

trode. The temperature dependence oflthé characteristic
intrinsic Josephson junctions are usually made by patterningf sample mb232 below 8 K is more clearly shown in Fig. 7
mesa structures on top of BSCCO single crystals. In the ggor T=3.1 K, 5.5 K and 8 K. Note that a measurement of
ometry discussed here, no mesa structure is—at least on
purpose—fabricated underneath the Pb/BSCCO junction.
However, the Ag and Pb layers cover some growth islands
(cf. Sec. 1) such that “mesas” formed by these islands are
connected in series with the Pb/BSCCO junctjoh upper
left inset in Fig. &a)]. For (artificially patternegl mesa struc-
tures, the characteristic voltage of intrinsic junctions, i.e., the
voltage jump at the critical current of a given junction, is
typically 25 mV/” In contrast, in the geometry discussed
here we often find much smaller values. For example, the
voltage jump in Fig. &) is 5 mV. However, reduced values
of V. are not surprising since the growth steps are at least
partially covered—and thus shunted—by the Ag and Pb
layer. An example where Ms close to optimum is discussed
in Schlengaet al.”” We have seen the additional branching in
many samples. Often, some 3-5 additional branches ap-
peared. Typically, the branching occurred at currents 2—-3
orders of magnitude larger thap.

In the context of tunneling between Pb and BSCCO the
appearance of the additional branches is important at least in
two ways. First, they prevent measuring the pl#é char-
acteristic of the Pb/BSCCO junction up to large voltages. For
example, the maximum voltage drop across the Pb/BSCCO
junction in Fig. &a) was 1.3 mV. Measurements beyond 4
mV would be important to detect Pb phonon structuites
cated 4 and 8 mV above the Pb gdpSo far, none of the
samples allowed the measurement of these structures. Sec
ond, however, the additional branches can be used as sensor

B. Temperature dependence

I(mA)

I[(mA)

I(mA)

to probe the critical temperature of the Cufayers located U(mV)
next to the Pb/BSCCO interface simply by measuring the
critical current of the intrinsic junctiong&nd its disappear- FIG. 7. |-V characteristics of sample mb232 @ 3.1 K, (b)

ance} as a function of temperature. For the sample shown im.2 K, and(c) 8 K. Insets in(a), (b), and lower right inset irc)
Fig. 6, T, was 36 K and for the other sampl@s varied show the same characteristic on expanded current and voltage
between 28 and 60 Kcf. Table I). In contrast, the bulk scales. Upper left inset ift) shows R vs temperature.
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(T = 2T g
o "~ 2eRuyn—0-T42. ... Jo ¢
<
ApyTA T
% Pb( ) BSCCC{ ) (2)

X
Voi+As  T)Voi+|Agsced T)I?

with the Matsubara frequencies?=27kgT(n+%). Equa-
tion (2) has been derived under the assumptions that the
Fermi surface(of BSCCQ is nearly two dimensional and
that the supercurrent arises from first-order tunneling. First-
order tunneling between a pusavave superconductor and a
pure d-wave superconductor does not lead to a nonzero Jo-
sephson current and, as a consequence{Bgields | Ry
=0 for A;=0. For evaluation of Eq(2) we assume a BCS
temperature dependence ®df,, A, andA 4.8 For sample
mb122, the critical temperature of the outermost BSCCO
6 7 layer, as determined from the disappearence of the critical
T(K) current of the weakest intrinsic junction, was 36 K. Thus it
seems natural to fix at least the critical temperature ofdthe
FIG. 8. Critical current of samples mb128 and mb232b) vs ~ componentT, 4 to T=36 K. In order to compare Eq2)
temperaturgmarkerg. Dotted lines in(a) and (b) correspond to a  with the measured value ¢f we assume thaRy does not
BCS temperature dependence of the energy gap WithTcp,  depend on temperature. We first discusssheéd case. The
=7.2 K. Curves in@) correspond to Eq2) inthes*id case with  gashed line in Fig. @ is for A;=30 meV and A,
Tca=36 K, A4=30 meV, A;=185 ueV and Tcs=12 K —185 ,eV. For these parameters, EQ) yields I .Ry(T
(solid line), T¢s=36 K (dashed ling and Tc=7.2 K (dash-  _5 ky—7.6 4V, as measured for sample mb122. The cal-
dotted ling. Curves in (b) correspond to Eq.2) with Tes  cyjatedi (T) follows closely the temperature dependence of
=28 K, A4=30 meV, A;=3.65 eV and Teo=11 K (solid ' "\ pieh is shown as dotted line in Fi (8. NearT,, the
line), T. s=36 K(dashed ling andT. ;=7.2 K(dash-dotted ling Pb: o 9. c
: ' calculated ((T) is slightly steeper than the measurg(T).
We next variedAy between 10 meV and 30 meV while
keepingT, 4 as well as the critical temperature of theom-
the same sample dt=1.8 K is shown in Fig. 4. When the ponentT,  fixed to 36 K. Within this range, ah.Ry value
temperature is increased from 1.8 K, the subgap resistane# 7.6 uV at 2 K was achieved fon between 9.5 and
strongly decreases. For example, its value at 3.1 K id8.5 ueV, i.e., for aratiadd4/A¢ between 1000 and 2000. In
0.55 Q [Fig 7(8)], and its value at 5.5 K is 0.1%) [Fig.  all cases, the calculatéd(T) followed very closely the tem-
7(b)]. The dependence &t on temperature is shown as an perature dependence &f;,. An s component might not nec-
upper left inset in Fig. ®). Note, that down to the lowest e€ssarily have the sanig as thed component. Therefore, in
measurement temperature, 1.8 K, no saturation is obser@ second step we also varidd s for T, 4=36 K andAq4

able. As a result of the decreaseRyf with increasing tem- =30 meV. As minimum value we testel} s=Tc,pp. Best
perature, thel-V characteristic becomes nonhysteretic@greement with the measurdd(T) is achieved forT
around 5.5 K. Thus,8.~1. Using the capacitance =12 K[solidlinein Fig. 8a)]. ForT.s<11 K, I1¢(T) was

—1.6 nF as calculated above, and wigi=0.13 Q, | well below the measured curve and did not fit the data. As an
Ry ¢, example, we show the curve with, =T, pp as dash-dotted

line in Fig. 8a). Curves forT, ¢ between 12 K and 36 K

were between the dashed and the solid curve in K&. Bor

. all values of T, s anl;Ry(2 K) of 7.6 uV was achieved for
mb122 and mb232 as a function of temperature. TAt about the same value df,~18.5 xV. For an admixtures

=2 K, the samples havé:Ry products C,)f 7'6'“\,/ and +d a somewhat larger value df;, 51.5 uV, is required
1.5 uV, respectively. I,n order to gxtract' information from to reproduce the measurdgRy, product. With the altered
I.(T) we adopt Tanaka’'s and Kashiwaya’s theory for tunneI—As, the curves for a given value df, ; are almost indistin-

ing betweens-wave andd-wave superconductofS.We as-  guishable from the=id case. Best agreement with the data
sume that the Pb order parameter has psirgymmetry, \yould be forT. =11 K.

whereas the order parameter on the BSCCO side has both an por sample mb232Fig. 8(b)] the critical temperature of
sand ad component. As discussed by Klenenal,* forthe  the weakest intrinsic junction was 28 K. Thi 4 was
crystal symmetry of BSCCO an admixtuseand d2_y2  fixed to 28 K andT ¢ was varied between 7.2 and 28 K.
would have to be of the fOI‘I’BiidXZ,yz. However, for the \We obtained the best fit to the measured data 'I"@’rS
sake of completeness, we will also discuss admixtiges =11 K, A4=30 meV, andA,=3.65 ueV (solid line.

+d. We then may write Aggecc=As+Aqc0s2p, or  For these parameters Eq(2) yields I.Ry(T=2 K)
Agsceq=As+iAgcos2p.”® We numerically calculate the =1.5 uV as measured. For comparison, we again show the
expression temperature dependence &f,, as dotted line, and the cal-

=12 pAatT=5.5 K, we calculate3.~0.98 in very good
agreement.
Figures 8a) and 8b) show the critical current of samples
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#mb122 ' ' voltageU=32 uV. For B=0.1 G, the supercurrent is al-
T=2K / most zero, and the height of the step at 8% reaches its
157 17T 031G maximum value of 43uA. Curves for B
/ / =0.17 G, 0.24 G and 0.31 G show subsequent maxima
e = 024G and minima ofl .. The step at 32uV can be identified as a
/ / Fiske resonanc&:’ Fiske steps should appear at multiples
1.07 | “017G | of voltagesU = ®,c/2b; b is the junction width perpendicu-
g /,.. . / i/aerlc;cgitthe magngtic field, and=cd/ety .is thg Swihart
= 0106 y. Here,d=~1 nm denotes the_barrler thlckness_and
05l I | tei= (Ngsccot Apptd) is the effective-field pe.netrat|on
/ / depth;\gsccg=170 nm and\py=47 nm are the field pen-
oot Toee etration depths into the BSCCO and Pb electrodes, respec-
/‘“’ / tively. From this expression, withU=32 uV, b
0.0 : 0G =300 um, one findsc=9x10° m/s, ande~5 in good
/" agreement with the estimate of Sec. Il A.
We now turn to the magnetic-field dependence of the
04 02 00 0.2 04 critical currentl .(B). For a homogeneous junction with lat-
U(mv) eral dimensions not much larger than the Josephson penetra-

o _ tion depth \ ;=\ ®o/(27uojcterr), 1c(B) is described by
FIG._9._I-V characterlstlc of sample mb122 for six values of \ha  Eraunhofer patternl ((B)/I.(0)=|sinx/x|, with x
magnetic flelq applied parallel t.o the BSCCO layers, mgasured at TABIP, and Ag=t.qb. For the samples discussed be-
2 K For clarity, curves are_ver_tlcally offset. The modulation of the low, X, ranged between 20@m and 600 xm, andb was
critical current with magnetic field as well as the appearance of Ebetween 100m and 400 um. Thus.b is on the order of
Fiske step is clearly seen. opm ptl. LTS, - .
\; and the junctions can be considered as short junctions. A
junction width of 400 um yields A=87.2 um?, and the
culated 1(T) for T¢s=Tcq=28 K, A4=30 meV, A5 zeros of the critical current should occur at multiplesBgf
=3.65 ueV (dashed ling and for T, =T.pp, Tcgq =0.24 G. Forb=200 um, By=0.48 G. For many junc-
=28 K, A4=30 meV, A;=3.65 neV (dash-dotted line  tions the measured magnetic-field dependencd .ofvas
For this sample, an admixturexd would require A;  close to the Fraunhofer diffraction pattern. Three examples
=10.2 uV and T, =10 K for the best fit. are shown in Fig. 10. For sample mb1[RBig. 10@a)] the
A4 might be as large as 50 m&;in that case, for an zeros ofl, occur at multiples of 0.34 G. For this sample,
admixture s=*id (s*=d), Ay would increase to b=230 um; the effective area is thus about a factor 1.5
26 pneV (79 peV) for sample mbl22, and to larger than expected, possibly due to either flux compression
5.1 pneV (15.5 ueV) for sample mb232. In any case a into the barrier or to a somewhat larger value \gfscco.
value of Ag below 80 eV seems to be sufficient to fit the which should be expected for underdoped BSCCO. The solid
data. This would mean that the fraction of theomponent line in Fig. 10a) corresponds t¢sinx/x|. Data are very close
relative to thed component is less than some 0 There is  to this curve showing that the junction is homogeneous. Data
indication thatT ¢ is smaller tharT. 4 or, alternatively, that could only be measured to slighty more than 1 G. For larger
A depends stronger on temperature than expected from feelds (Josephsonflux quanta penetrated in between the
BCS temperature dependence df (Note that, atT  CuGO, layers of the BSCCO crystal leading to a hysteretic
=7.2 K, foraT.sof 12 K, Aghas decreased to 90% of its behavior ofl;(B). Figure 1@b) shows!.(B) for sample
zero temperature value, whereas for &, of mbl62 with a width of 260um. Data are again very close
36 K A7 K)/A{(0O K)=0.9999). However, the differ- to the Fraunhofer diffraction pattern, with the zeroslef
ence betweeil, (=12 KandT. =36 Kis small and thus occurring at multiples of 0.24 G, a factor of 1.5 below the
the evidence for a reducel, s is at most weak. More im-  expected value. Figure {€) showsl ;(B) for sample mb122.
portant is the fact thal, ;=T p, is not consistent with the The first zero ofi; occurs at 0.1 G, but the next zeros are
data. If thes component were induced by proximity we not exact multiples of B. The solid line in the figure shows

would expecfT, . close toT. pp.  |(T) thus strongly indi-  1;(B) as calculated for the spatially varying critical current
cates that the component does not simply arise from prox- density shown in the inset. The current density peaks at the
imity to Pb. edges; however, it is still not too far from homogeneous. In

particular, critical current densities as homogeneous as mea-

o sured cannot arise from supercurrents flowing through the

C. Magnetic-field dependence sidewalls of growth steps.
We begin this section with a discussion of th& char-

acteristics of the Pb/BSCCO junctions measured in magnetic ) o
fields applied parallel to the CyOplanes of the BSCCO D. Microwave irradiation
crystal. Figure 9 showk-V characteristics of sample mb122  In the above sections we have implicitly assumed that the
at T=2 K for six values of the magnetic field. For clarity, c-axis supercurrent between BSCCO and Pb arises from first-
curves are vertically offset. At zero fielt,=190 uA. For  order tunneling processes. As shown by Tarfikaigher-
B=0.08 G, |I. decreased to 25+ A and a step appears at a order tunneling processes lead to a nonvanishing Josephson
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#mb122

06} #mb173 (a) | 100} T=2K
< T=5K 6.1 GHz t
£ 0.4r b=230um . < 9 } T—r_
o = % T

0.2} |

-100}
-1.5-1.0-050.0 05 1.0 1.5 60 40 20 0 20 40 60
. ' B(Q) . . U (uv)

100} #mb162 (b) FIG. 11. |-V characteristic of sample mb122 at 2 K in a
. T=5K i 6.1-GHz microwave field.
< b=260 pm

50

experiments discussed here, microwaves were applied in a
range from 2 to 20 GHz for various temperatures. Figure 11
shows thd -V characteristic of sample mb122 in a 6.1 GHz

0 : microwave field alT=2 K. Microwave-induced steps occur
0.8 -0.4 B%GO) 0.4 08 at voltagesU =nfd,, but not at voltaged) =(n+3)fd,.
: . : , ‘ ‘ : The steps overlap strongly and even cross the voltage axis.
#mb122 o~ 04 1 Since the junction was current biased, only some of the pos-
0.2¢ T=2K E 0.2 ’ sible Shapiro steps could be traced out during one cycle.
< - _“:000 After many cycles, however, random switching ensured that
E b=300pm T 300 all steps were included, even if their amplidude was much
— 0.1 width (um) 1 smaller than that of their neighbors. Th&/ characteristics

shown in this section were recorded with a storage oscillo-
) Y : scope, and all points that have been recorded through many
-0.6 -04-02 00 0.2 O. 4 0 6 cycles are shown. From'Fig. 1litis already evident that the
B (G) observed supercurrent is at least dominantly of first order
and, consequently, that ancomponent of the order param-
FIG. 10. Magnetic-field dependence of the critical current for€ter must be present. In order to get more quantitative results
samples(a) mb173,(b) mb162, andc) mb122. Solid lines ina) we first look at the Shapiro step amplitudes as a function of
and (b) correspond to Fraunhofer pattetg(B)/1.(0)=|sinx/x], U, In the presence of both a first- and a second-order con-
with x=7AB/®,. Solid line in(c) is calculated (B) using the  tribution, the total supercurrent may be writtenlasl [ (1
critical current density distribution shown in the inset. —a)sind,+a sin (25,+ #)1;*®> «=0 corresponds to purely
first-order tunneling, andv=1 to purely second-order tun-
current even in the absence of save component of the neling. The phase ship may be O orm, corresponding to
order parameter. In that case, the Josephson current phad@ admixtures=d, or «/2 or 3w/2, corresponding to an
relation becomesr periodic ( =1.sin 28). For conventional admixtures=id. In that case, the amplitude of the Shapiro
Josephson tunnel junctions, such second-order processes #f6p atU=nfd, is given by
not contribute much to the total supercurrent because of the

small tunneling probability. However, since the measured | =1~ max[(1—a)J-(U. [fP)sins.
values ofl Ry are extremely small, the supercurrent could in o [(1= @) 35(Uac/TPo)sindo
principle be caused by second-order processes. Second-order + adon(2U /TP g)SiN26,+ @) ], ©)]

contributions can be identified easily by measuiifg char-

acteristics in external microwave fields. For conventional Jo-

sephson tunnel junctions microwave-induced steps appear athere one has to maximig with respect ta5,. The results
multiples ofU=f®,. Heref is the frequency of the external are shown in Fig. 1&) to 12c) for «=0 (solid lineg, and
microwave field. In the limit of3.>1, and withf larger than for «=0.1 for the cases*=d (dotted line$ and s=*id
the Josephson plasma frequerfey=I./C®,, the ampli- (dashed lines The curves differ only weakly, and the data,
tude of the step al,=nfd,, with n=0,£1,+2,... is taken from sample mb162 &=7.2 GHz and from sample
given by thenth Bessel functionl,=1¢J,(Ua/f®o)].”* mb023 atf=4.8 GHz, clearly cannot distinguish between
Here, U, is a rf drive amplitude. For our junctiond,, a=0 anda=0.1. However, the fact that the data are very
~1 GHz. In contrast, ther-periodic current phase relation well described by the Bessel function allows one to find the
in the case of pure second-order tunneling leads tanicrowave drive level where a possible steplat;fd,
microwave-induced steps at voltagdg=3n®,; their am-  would be largest. A more stringent limit far can be set by
plitudes are given by, =1.J,(2U,/f®P;)|. In the case of closely investigating thé-V characteristic at this value of
c-axis Pb/YBCO junctions, experiments in external micro-U,.. The height of this step is given by

wave fields have proven that the Josephson current observed

in these junctions is due to first-order tunneling, with upper

limits for second-order contributions of about 86ln the l1p= al o] J1(2U o/ T D )| (4)
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TABLE IIl. Upper boundary« of second-order contributions to

supercurrent for a selection of samples.
Sample a[s+d] (%) a[s+id] (%)
mb232 35 3.0
mb173 35 3.0
mb172 25 2.0
mb162 4.5 4.0
A mb122 3.0 25
Y N pb253 2.0 1.5
) A S VAR 4 pb223 2.0 15
= U=2fa, c
05} . ©
” b . characteristics for two samplémbl122 and 16g irradiated
N\ with the appropriate microwave power. Figures(@3and
0.0 13(b) are for sample mb122 on different current scales, and
0.11 U=fo/2 @ Figs. 13c) and 13d) for sample mb162 on different current
o scales. Both samples as well as all other measured samples
:h . showed no steps at=3f®,. For sample mb122, we would
YA VY have been able to detect a step with an amplitude @£/,
0-00 ‘n2 ‘v‘-‘ Y é‘\f é\" ‘;'B \’1 and for sample mb162 the minimum detectable step height
U o 2 was 4.3 uA. With these values, from an analysis of E¢(3.
AC [}

FIG. 12. Measured step amplitudeslat=0 (a), U=f®, (b),
andU=2fd, (c) for samples mb16Zopen symbolsand mb023
(solid symbolg at microwave frequencies of 7.2 GKinb162 and

and(4) we then extract upper limits at=3% (mb122 and
a=4.5% (mb162. Values for some other samples are listed
in Table Illl. The data clearly show that any second-order
distribution to the supercurrent would have to be less than a

4.8 GHz(mb023. Solid lines in(a) to (c) are computed step am- few per cent. What would we expect farassuming that the

plitudes for first-order tunnelinga(=0), dotted lines are fos*=d
with a«=0.1, and dashed lines are fet-id with «=0.1. Data are
fitted to the first maximum ofly. (d) Amplitude of steps atJ
=3fd,, with the same notation anel=0.1. The arrow indicates
the value ofU,./fd, at which these steps have their maximum.

Figure 12d) showsl 4, for «=0.1 for the cases*d (dotted

ratio Ay/A¢ were 13? Basically,« is given byA /A, times
the tunneling probabilityp; we do not know the exaqp;
reasonable numbers might range between®1and 10 °.
For the largest value, we would expect @as 1%, which is
just below our resolution. On the other hand, fer
=101 & could be as small as 16; in that case, second-
order contributions would clearly be undetectable.

lines) ands=*id (dashed lines |, is largest when ; has
decreased to about 77% of its value for,.=0. Here,

I,/lp~3%, andl, is almost zero. Figure 13 shows theV

02fumb122f  (a)

E 0.0 '__,...’ ..l_,-f:

330 0 30
U(pv)

#mb162,

-100} ()]

30 0 30
U(uv)

0
U(Hv)

il ot
¥
230 '

30

IV. CONCLUSIONS
We successfully preparedaxis Pb/BSCCO high-quality

] (b)]13q Josephson tunnel junctions. All junctions exhibited a non-
.«-r‘ a zero supercurrent. The critical current follows closely the
AP P 0 2 Fraunhofer diffraction pattern showing that the critical cur-
]30 rent density is essentially homogeneous. Together with the
1L < fact that the surfaces of our BSCCO single crystals are al-
-30 U(?N) 30 most atomically flat it can be ruled out that the supercurrent

arises exclusively from shunts through sidewalls of residual
growth steps. We have clear evidence from microwave ex-
periments that the Josephson current originates from first-
order tunneling processes. Consequentlysarave compo-
nent of the superconducting order parameter has to be
present also in BSCCO. In a strict sense, the data show the
existence of thes component only in the vicinity of the in-
terface and at temperatures below Theof Pb. However, the
temperature dependence of the critical current strongly indi-

FIG. 13.1-V characteristics at a microwave amplitude close tocates that thd ; of the s component is well above thE, of
the value where the step bit=3®, is predicted to be maximum; P, and therefore it seems unlikely that treomponent of

(@) and (b) are -V characteristics of sample mb122 at 2 K in a BSCCO is simply induced by the proximity of Pb. The low

6.9-GHz microwave field on different current scales, é&dand(d)

values of the measureldRy products and the temperature

are |-V characteristics of mb162 on different current scal@s ( dependence of the critical current show that the fraction

=2 K, f=6.4 GHz).

Ag/A4 is small, most likely below 10°. However, even
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