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Pair Tunneling from c-Axis YBa2Cu3O72x to Pb: Evidence for s-Wave Component
from Microwave Induced Steps
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In heavily twinned crystals or films of YBa2Cu3O72x (YBCO), dx22y2 pairing symmetry is expected
to cause the cancellation of first-order Josephson tunneling through a YBCO-Pb tunnel junction grown
on ana-b face; any residual tunneling is thus second order. As a result, microwaves at frequencyf are
predicted to induce steps on the current-voltage characteristic at voltages that are multiples of1

2
shfy2ed.

Experimentally, steps are observed only at multiples ofhfy2e, suggesting thats-wave pairing is present
in YBCO; however, the simultaneous presence ofd-wave pairing is by no means ruled out.

PACS numbers: 74.50.+r, 74.72.Bk
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The symmetry of the order parameter in the high tra
sition temperaturesTcd oxide superconductors is the su
ject of ongoing debate. One school of thought propo
a dx22y2 symmetry (for example, [1,2]) while anothe
proposes an anisotropics-wave symmetry (for example
[3,4]). A series of experiments [5–8] has been p
formed on Josephson junctions made on thea-b faces
of YBa2Cu3O7-x (YBCO) crystals or films, with conven
tional low-Tc superconductors as the counterelectrod
These measurements provide evidence for a phase
of p between the order parameters measured by tr
port of pairs across weak links along two orthogonal
rections, building a strong case ford-wave pairing. Sun
et al. [9], however, performed extensive measureme
of tunneling along thec axis of YBCO and the alloys
Y12xPrxBa2Cu3O7-d, using an insulating barrier and P
as the counterelectrode. At temperatures near 1 K
current-voltagesI-V d characteristics exhibited a Josephs
supercurrent at zero voltage, and very small single-part
tunneling currents below the Pb gap. The application
a magnetic field parallel to the plane of the junction p
duced a well-defined Fraunhofer pattern in the critical c
rent, and yielded values of the penetration depthlabsT d
with a temperature dependence consistent with those
tained from earlier microwave measurements [10,11].

In a single crystal with tetragonal symmetry and pure
dx22y2 pairing, the first-order pair tunneling currents ca
cel along thec-axis direction. Any pair tunneling would
have to be second order, and the current thus very w
In an untwinned single crystal of YBCO, however, the o
thorhombic crystal symmetry leads to asymmetricd-wave
pairing so that the first-orderc-axis pair tunneling is not
expected to vanish. The situation is different yet again
a heavily twinned single crystal or thin film. Here, th
phase of the order parameter is maintained throughou
sample, but the amplitude variation along thea andb axes
is expected to ensure that the net first-order tunneling
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rent in thec-axis direction is zero. We note that any tun
neling transitions in thea-b directions would contribute
only to second-order supercurrents; again, first-order co
ponents cancel by symmetry. Since thec-axis tunnel-
ing experiments demonstrating the existence of a nonz
Josephson supercurrent [9] were performed mostly
twinned samples, the issue of whether the tunneling
first or second order needs to be addressed.

Tanaka [12] showed that for pured-wave tos-wave tun-
neling a nonzero supercurrent due to second-order p
cesses can flow in thec direction with a current-phase
relation of thesp-periodicd form I  I0 sin2d; I0 is the
critical current, andd the difference between the phase
the s-wave order parameter and the phase of thed-wave
order parameter averaged over the azimuthal angle.
ting h̄ddydt  2 eV, we can write the Josephson tunne
ing current in the form

Istd  I0 sin

"
2ps4eyhd

Z t

0
V st0ddt0

#
. (1)

Equation (1) implies that applied microwaves of frequen
f will induce constant voltage steps at voltagessny2dfF0,
wheren is an integer andF0  hy2e, as opposed to the
conventional case, where the steps are at voltagesnfF0.
A similar prediction has been made by Zhang [13] for i
plane Josephson junctions betweendx22y2 superconductors
with their axes rotated to 45± to each other. In both cases
second-order tunneling is predicted to lead to microwa
induced Shapiro steps at one-half the voltage interval
first-order tunneling. We note that trapped flux or the pre
ence of external magnetic fields may modify the height
integer steps but does not introduce half-integer steps [1
However, caution in interpreting the experimental data
necessary. For example, if the microwave frequency
incides with a self-resonant frequency of the junction [14
odd-numbered steps can be suppressed or subharmo
introduced; if the junction parameters are within certa
© 1996 The American Physical Society 2161
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TABLE I. Critical current, normal state resistance, and upp
limit for second-order contribution of tenc-axis YBCO/Pb
tunnel junctions.

Ic RN a

No. Sample smAd sVd (%)

1 Detwinned crystal 60 22.0 0.5
2 Detwinned crystal 80 13.0 0.5
3 Detwinned crystal 80 13.5 1.0
4 Twinned crystal 800 0.4 2.5
5 Twinned crystal 425 0.5 2.0
6 Twinned crystal 45 2.0 5.0
7 LaAlO3 190 0.025 1.5
8 LaAlO3 350 0.02 2.0
9 LaAlO3 460 0.045 1.5

10 LaAlO3 520 0.04 1.5

regimes [15], even first-order tunneling can produce ha
integer steps. In this Letter we report experiments in whi
we irradiate a series ofc-axis YBCO-insulator-Pb tunnel
junctions with microwaves in order to distinguish betwee
first-order and second-order tunneling.

Josephson junctions were fabricated at UCSD on
a-b plane of both detwinned and twinned single crystals
YBCO (.103 twins per junction) and on heavily twinned
c-axis epitaxial YBCO films (.105 twins per junction).
Films were grown by pulsed laser ablation at Conductu
Inc. on yttrium stabilized zirconia (YSZ) substrates, an
at UCB and UCSD on LaAlO3 substrates. The transition
temperatures were between 88 and 91 K. Details of
junction fabrication techniques have been published p
viously [9]. We investigated a total of 19 junctions, wit
typical areas of225 3 400 mm2. We measured the de-
pendence of the critical current on a magnetic field appli
parallel to the plane of the junction, and obtainedI-V char-
acteristics in the presence of 2–18 GHz microwave field
We coupled the microwaves into the junction via a dipo
antenna at the end of a semirigid coaxial cable; the ma
mum input power was 20 mW. We obtained data at te
peratures between 13 and 4.2 K at both UCSD and UC
in ambient magnetic fields below 1mT. The transporta-
tion to UCB involved two additional thermal cyclings o
the junctions and a resulting reduction in critical curren
but the microwave data obtained in the two laboratori
were not materially different.

The parameters of a representative set of 10 junctio
are listed in Table I. The values ofI0RN were typically
1 mV for junctions on untwinned crystals, 300mV for
twinned crystals, and 10mV for thin films. At 1.35 K
the resistanceRg below the lead gap voltageDPbye 
1.4 mV was usually more than 104 times the resistance
RN above the gap. At 4.2 K,Rg decreased to typically
s5 10dRN . Figure 1(a) shows a representativeI-V char-
acteristic. This junction, like most in this study, exhib
ited self-resonant steps (not visible in the figure) [16]
nonzero magnetic fields, indicating that the junction form
a relatively high-Q cavity. Figure 1(b) shows the depen
2162
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FIG. 1. Sample 1 (detwinned crystal) at 4.2 K: (a)I-V
characteristic, (b)I0 vs magnetic field applied parallel to plan
of junction.

dence ofI0 on applied magnetic field, and provides e
idence for a uniform tunnel barrier and the absence
trapped magnetic flux. All the junctions listed in Table
showed comparable behavior.

Figure 2 is an oscilloscope trace of theI-V characteristic
of junction 5 at 4.2 K in a 10.2 GHz microwave field
The figure clearly shows steps at voltagesnfF0 but
none atsn 1 1y2dfF0. The steps overlap strongly an
even cross the voltage axis [15]. Since the junction w
current biased, only some of the possible Shapiro st
can be traced out during each cycle of the current swe
However, after many cycles (we used up to 1000 cycles
one picture), random switching ensured that all steps w
included, even if their amplitude was much smaller th
that of their neighbors. Like all data shown in the pap
Fig. 2 was obtained in nominally zero magnetic field; wh
we varied the field, the step amplitudes were modulat
but no additional steps appeared. We thus draw
qualitative conclusion that thec-axis supercurrents are
predominantlyof first order.

We now set a quantitative upper limit on the secon
order contributions by investigating the step height2In

of the steps as a function of microwave power. In t
limit fp ø f, wherefp  sI0yF0Cd1y2 is the Josephson
plasma frequency andC is the junction capacitance, th
step height is well described byIn  I0jJnskVmyfF0dj,

FIG. 2. I-V characteristic of sample 5 (twinned crystal)
4.2 K showing 10.2 GHz microwave-induced steps at multip
of fF0. Horizontal axis is 40mV/division, vertical axis is
100 mA/division.
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where Vm is the microwave-induced voltage across th
junction andJn is thenth-order Bessel function [14]. For
first-order Josephson currents,k  1, while for second
order one can easily show thatk  2. We estimate
that fp is between 1 and 3 GHz for our junctions. In
the presence of both first- and second-order currents
may write the total Josephson current asI  I0fs1 2

ad sind 1 a sins2d 1 fdg; a  0 corresponds to purely
first-order tunneling, anda  1 to purely second-order
tunneling. The phase shiftf may be 0 orp , corresponding
to an admixtures 6 d, or py2 or 3py2, corresponding to
an admixturess 6 idd. One can show that the height o
the step atVn  nfF0 is

In  I0 maxfs1 2 adJnsVmyfF0d sind0

1 aJ2ns2VmyfF0d sins2d0 1 fdg , (2)

where we have to maximizeIn with respect tod 0. The
results forn  0, 1, and 2 are shown in Figs. 3(a)–3(c) fo

FIG. 3. Solid lines in (a)–(c) are computed step amplitud
for first-order tunnelingsa  0d, dotted lines are fors 6 d
with a  0.2, and dashed lines for are fors 6 id with
a  0.2. Open circles are measured step amplitudesIn at (a)
V  0, (b) V  fF0, (c) V  2fF0 for sample 1 at 4.2 K
and 11.5 GHz; data are fitted at first maximum ofJ1. (d)
Amplitude of steps atV 6

1

2
fF0, with the same notation and

a  0.2. Arrow indicates value ofVmyfF0 at which these
steps have their first maximum.
e

s

a  0 (solid lines), and fora  0.2 for the casess 6 d
(dotted lines) ands 6 id (dashed lines). Fora  0.2 the
results for thes 6 d cases are virtually indistinguishabl
from a  0, whereas for thes 6 id case the results differ
significantly froma  0.

The height of the steps atVn  sn 1 1y2dfF0 is given
by

In11y2  aI0jJ2n11s2VmyfF0dj . (3)

Figure 3(d) showsI1y2 sn  0d for a  0.2 for the
s 6 d case (dotted line) ands 6 id case (dashed line)
In Fig. 3(d) we assume that there are no subharmo
contributions from the first-order Josephson curren
this assumption is well satisfied in the limitfp ø

f. Figure 3(d) shows thatI1y2 has a maximum when
VmyfF0 ø 0.9; at this value ofVm, I1 and I2 are about
0.5I0 and0.1I0, respectively. In Figs. 3(a)–3(c) we als
show measured values ofI0, I1, and I2 for sample 1
at 4.2 K and 11.5 GHz. The data are fitted at the fi
maximum of J1. We obtained similar data for all the
other junctions. Given the somewhat different shape
the curves for thes 6 id case, we can, at best, rule ou
a * 0.2. More important is the fact that the data are go
fits with the Bessel functionsJ0, J1, andJ2, so that we are
justified in using Eq. (3) to estimateIn11y2.

In order to impose a more stringent bound on the va
of a we carefully examined our data for the appearance
Shapiro steps at values of microwave power predicted
produce the first maximum at6

1
2 fF0. Figures 4(a) and

4(b) show a set of microwave-induced steps for sample
On the expanded scale of Fig. 4(b) we would have be
able to detect the step at6

1
2 fF0 if I61y2 had exceeded

0.2 mA. The absence of the steps enables us to put
upper limit ona of 0.5% for both thes 6 d ands 6 id
cases. Figures 4(c) and 4(d) show a similar set of data
thin film sample 7. In this case, we would have detect
the step at6 1

2 fF0 if I61y2 had exceeded 2mA, leading
to an upper limit of 1.5% ona.

In the same manner we examined all the junctions
the n  61y2 steps at a variety of frequencies and tem
peratures. At low temperatures we sometimes obser
beating between the Shapiro steps and self-resonant mo
typically above 15 GHz for the crystals and above 10 G
for the thin films. As a result, for junctions on single crys
tals we were able to establish the tightest margins ona at
4.2 K. For the thin film junctions, the subgap resistance
4.2 K was low, typically0.2 V, and we obtained the bes
results at temperatures around 2 K. Our upper limits ona

are listed in Table I.
Finally, we demonstrate that we can detect sm

amplitude steps in the presence of large adjacent st
Sample 3 exhibited a self-resonance at about 12 GHz,
we were able to produce subharmonic steps for nea
microwave frequencies. Figures 4(e) and 4(f) show t
I-V characteristics at 1.4 K and 10.9 GHz. In Fig. 4(
we can readily see the subharmonic step, which ha
peak-to-peak height of about 4mA, approximately 4%
2163
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of the adjacentn  0 step. Had this step arisen from
second-order Josephson currents we would have infe
a value ofa of about 5%.

The values ofa for the untwinned crystals, 0.5%, ar
the lowest. However, since the orthorhombicity of YBC
would lead us to expect first-order tunnel currents, th
limits may not be the most significant. The lowest valu
of a on the twinned crystals, 2.0% and 2.5%, and
the very heavily twinned thin films grown on LaAlO3,
1.5% and 2.0%, may well represent more significant up
limits. The simplest explanation for the presence of fir
order tunneling is that the observedc-axis Josephson
currents arise from a pairing state in YBCO that conta
either ans-wave contribution in the bulk or has develope
an s-wave component at the surface [17,18]. Howev

FIG. 4. (a)–(d)I-V characteristics at microwave amplitud
close to the value at which the steps at6

1

2
fF0 are predicted

to be maxima. (a), (b) Sample 1 (detwinned crystal) at 4.2
and 11.5 GHz: horizontal axes are 20mV/division and vertical
axes are (a) 20mA/division and (b) 1mA/division. (c), (d)
Sample 7 (thin film) at 2.3 K and 4.4 GHz: horizontal ax
are 5mV/division and vertical axes are (c) 50mA/division and
(d) 5 mA/division. (e), (f) I-V characteristics for sample
(detwinned crystal) at 1.4 K and 10.9 GHz showing subst
which arise at6 1

2
fF0 from interaction of microwaves with a

junction resonance: Horizontal axes are 10mV/division and
vertical axes are (e) 20mA/division and (f ) 2mA/division.
2164
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we cannot emphasize too strongly that this conclusion
no way precludes the simultaneous presence of ad-wave
component, as is strongly indicated by phase-sensit
tunneling experiments along thea andb directions.
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