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We prepared atomically clean Bi,Sr,CaCu,Os+ 5 Josephson junctions between identical single crystal
cleaves stacked and twisted an angle ¢, about the ¢ axis. For each bicrystal, the ratio J? /J5 of the ¢
axis twist junction critical current density to that across either single crystal part is unity, independent
of ¢ and the ratio A’ /AS of junction areas. Our results provide strong evidence for incoherent c-
axis tunneling and that the dominant superconducting order parameter contains an isotropic s-wave
component for T = T, but not the purported d,2 ,2-wave component.

PACS numbers: 74.50.+r, 74.60.Jg, 74.72.Hs, 74.80.Dm

There has long been a raging controversy over the
orbital symmetry of the superconducting order parameter
(OP) in high transition temperature T, superconductors.
For pairing within the nominally tetragonal CuO, layers,
the C4,, point group allows the spin singlet OP eigenfunc-
tions denoted s, d,>—y2, dyy, and g,y (2—,2), relative to the
planar Cu-O bond directions [1,2]. In the lattice represen-
tation, wherek = (k,, ky) and |k.|, [ky| = 7 /a inthefirst
Brillouin zone (BZ), these, respectively, group transform
as a constant, cos(kca) — cos(kya), sin(k.a)sin(kya),
and sin(kya)sin(kya)[cos(k,a) — cos(kya)], each mul-
tiplied by some function ), ,, anm COS(nk,a) cos(mkya)
with ap,m = amg [2]. Phase-sensitive experiments can
distinguish a d,>—,> OP, with nodes at k, = *k,, from
an “extended-s” OP, {[cos(k,a) — cos(kya)]* + €*}'/2
(e < 1).

Most experiments were performed on orthorhombic
YBa,Cu;0;_5 (YBCO). The Ci, point group allows
the mixed s + d,>—,> OP, in agreement with most phase-
sensitive experiments [1—4]. However, some experiments
suggest a larger d,>—,» component [3,4], but others
suggest a larger s component, with a nodeless OP [5,6].
Also, nonsuperconducting gaps appear to be present above
and below T, complicating the analysis [6,7].

In orthorhombic Bi,Sr,BaCu,0Og+5 (Bi2212), the bc
plane containing a diagonal between the Cu-O bond di-
rections and the periodic lattice distortion Q is a crystal-
lographic mirror plane [8,9]. The Ca2 point group allows
mixed s + dxy and dxzfyz + gxy(x2—y?2) OPs, but the in-
compatible s and d,>—,> components can mix only below
an unobserved second phase transition at 75 < T, [1,2].

Recent Bi2212/Pb c-axis Josephson junction ex-
periments showed that Bi2212 has at least a small
isotropic s-wave OP component below TF® = 72K
[1Q], as did similar experiments with Pb and thin films
of Nd; g5Cey15CuQ,4, generaly thought to have an
isotropic s-wave OP, or YBCO [11]. If the dominant
Bi2212 OP component were d,»—,>, a nodeless OP
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such as d,>—,> + is would result below 75 > TF°. If
T5 < T., this might not affect phase-insensitive experi-
ments such as angle-resolved photoemission spectroscopy
(ARPES) and penetration depth measurements [12,13],
which suggest an OP with nodes or near nodes. Thus, it
is crucia to determine if the s-wave component is present
a T.. Also, those experiments might be complicated by
nonsuperconducting gaps, whereas Josephson tunneling
involves only the OP. Here we describe exceedingly
clean, novel phase-sensitive Josephson junction ex-
periments, giving strong evidence that the s-wave OP
component is indeed present at 7.

Very high quality single crystals of Bi2212 were pre-
pared by the traveling solvent floating zone technique,
and cut into smaller pieces, which were cleaved in the
ab plane in air. One cleave was rotated a desired an-
gle ¢ about the ¢ axis with respect to the other, and
placed atop it. The twist boundary was formed in a con-
trolled sintering process for 30 hours in air or controlled
oxygen pressure, just below the melting point of Bi2212.
Depending upon the atmosphere and the subsequent an-
nealing, optimally doped or overdoped samples could be
obtained, with 7. varying from 90 to 80 K, respectively.
The resulting c-axis twist junctions were examined us-
ing conventional and high resolution transmission electron
microscopy (HRTEM), electron energy-loss spectroscopy,
and energy dispersive x-ray spectroscopy, and found to be
atomically intact and clean over the entire areas studied
(=10% wm?), with no detectable c-axis spacing increase or
chemical changes between the BiO double layers[8]. An
optical micrograph of aresulting 45° c-axis twist bicrystal
with six leads attached is pictured in Fig. 1a. Note that
the area A’ of the twist junction is about half the cross-
sectional area AS of the identical single crystal cleaves.

A schematic side view of the bicrystal with leads
attached is sketched in Fig. 1b. Electrical contacts were
made by first sputtering six Ag pads (=1 wm thick) with
subsequent annealing in pure O, a 570°C for about
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FIG. 1. (a) Top view photomicrograph of a 45° c-axis twist
junction (sample H) with six attached electrical leads. (b)
Sketch of a side view of the bicrystal, with six attached leads.

10 min. 0.002" Au wires were attached to the pads with
Ag epoxy. Current I was fed along the common ¢
axis, and the voltages V;; and V,, were measured across
each single crystal cleave. The voltage V, across the
twist junction was measured from the bottom lead on
the top crystal to the top lead on the bottom crystal.
This configuration alows us to measure simultaneously
the c-axis V-I characteristics across either single crysta
cleave and the twist junction. The measurements were
made at zero field in a magnetically shielded apparatus
(the remnant field was <10 mOe) with a temperature T
control accurate to 0.01 K.

Figure 2 shows the hysteretic V-I characteristics of
a ¢ = 45° twist junction at 10 K, demonstrating its
Josephson behavior. This sample was subsequently de-
stroyed by overheating during a V-1 measurement at 5 K.
In the inset of Fig. 3a, a semilog V-I plot of the char-
acteristics at 50 K of the ¢¢ = 50° twist junction and
a congtituent single crystal of sample J is shown. I
was turned off immediately after the resistive transition
of the twist junction was observed to avoid such over-
heating. By applying I||¢ and measuring V, the c-axis
critical currents 1! for the twist junction (i = J) and for
the single crysta (i = S) in the superconducting state
were easy to identify, since the voltage jumps were more
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FIG. 2. Hyseretic V-I plot a 10 K for a 45° c-axis twist
junction (sample Q13-99).

than 4 and 8 orders of magnitude, respectively, as shown.
From the data shown in Fig. 2 and the inset of Fig. 3a,
R,(T) can be approximated by the slope of V just above
IJ(T). Although the I7(10 K) for these samples differ
by only =15°, R,,(10 K) > R, (50 K). Thisstrong c-axis
R, (T) dependence has been observed previously [14].
We attempted to observe a Fraunhofer pattern in a
paralel field [4], but were unsuccessful, since Bi2212
is intrinsically a stack of coupled Josephson junctions
[15]. To observe a Fraunhofer pattern, one has to make
uniform twist junctions much wesker than the intrinsic
single crystal ones, yet equal in strength in each bicrystal.
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FIG.3. (@) I(T) datafor i = § (¢) and i = J (o) obtained
from sample J (¢o = 50°), dong with AB fits (curves). Inset:
Semilog V — I plot at 50 K. (b) Ji(T) = I/(T)/A" data for
samples E, H, K, and L, with ¢y = 40°,45°,64°, and 90° for
75K <T < T.. Solid: JS. Open: J/. Linesare eye guides.
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For each of the 12 bicrystals studied, we measured
the superconducting onset 7., the twist angle ¢y, the
cross-section areas A’, and the corresponding 7:(T) for
Thin =T = T,, where Ty, < 09T, fori =J,S. For
each bicrystal, 17(0.9T,.) < 15(0.9T,), and A’ /AS varies
from 0.85 to 0.24. Hence, the relevant quantities for
comparison are the critical current densities Ji = I1 /A
at the same T/T. vaue. In Tablel, we list these ¢y,
T., A', and 1:(0.9T,) vaues for i = J, S, and the ratios
J!/JS @ 0.9T,. Although each J(0.9T,) valueisdistinct,
except for sample B, each of these J/ /J5 ratios =1. The
remarkable independence of J7 /J5 on both A’ /AS and ¢
demonstrates that the junctions are indeed very uniform.

In some samples, the A’ were small enough that the
IL(T) could be measured over the entire range 10 K
=T = T.. InFig. 3a we plotted the I/(7T') data obtained
from sample J (¢ = 50°), along with the Ambegaokar-
Baratoff (AB) fits[16]. Clearly, our results are consistent
with the AB model. In Fig. 3b, we plotted J(T) =
IL(T)/A" for i = J,S in the vicinity of T. for samples
E(40°), H(45°), K(60°), L(90°). Except for a narrow
region AT; =~ 1K at the onset of J(T), J3(T) and
J!(T) are indistinguishable for each sample. Below T, —
ATy, JUT) = (T.o — T) is mean-field-like, where T,y =
T, + AT., where AT, = 3 K. Hence, superconducting
fluctuations affect the J: only within the narrow range
T. — AT;; =T = Tg.

Sample B has a lower J//J3 ratio at 0.97. than the
other samples. Although we have not explicitly examined
sample B with HRTEM, we suspect that it might have
been damaged when attaching the contact leads prior to
the transport measurements. Nevertheless, we measured
its I/(T) from 25 K to T, and the I:(T)/I1:(0) were iden-
tical to those of the other samples.

For weak tunneling between adjacent layers 1 and
2, Ji = |4eT Y ,(fi(k — k")Fi(k;))F2(k}))ino| for i =
J,S, where kg = k, ki = k/, but k; = k; and k), =

TABLEI. c-Axis twist junction (i = J) and single crystal
(i = S)data. S: Sample. A’ cross-sectional areas. I.: c-Axis
critical currents at 0.97,.. J. = I!/A': critical current densities
at 0.97..

50 895 2.98 253 35 206 100
64 915 547 53.5 7.7 715 105
90 89 8.06 50 17.6 106  1.03

b0 T, Al I’ AS I3

S (deg) (K) (107 m?) (MA) (10 m?) (mA) J//JS
A 0 8L 104 152 224 350 094
B 25 90 31 1.98 37 36 012
C 27 885 95 62 12.1 69.8 1.08
D 40 90 6.15 533 779 651 104
E 40 89 52 48 12.4 123 0.93
F 45 815 1376 171 25 285 1.09
G 45 9 426 34 17.94 147 097
H 45 90 7.3 46.5 14.8 98 0.9
I 45 905 75 47 13.6 793  1.07
J

K

L
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k' are rotated by *+¢(/2 about the ¢ axis, respectively.
(- )11n2 is an integral over the overlapping first BZs, and
fi(q) is the spatial average of the quasiparticle tunnel-
ing matrix element squared [2]. For n = 1,2 and J! to
O(f), F, = A, /[0? + £ + |A,]?], where w isaMat-
subara frequency, and the quasiparticle dispersions ¢, and
OPs A,, are independent of the f7. Bloch’s theorem and
group theory require &;(k;), & (k}) and each component
of A;(k;), A»(k}) to lock onto the local Cu-O bond orien-
tation. Although £(q) can contain both coherent (q = 0)
and incoherent (q arbitrary) parts, for purely incoher-
ent tunneling (AB), fi(q) = fo, (F1) = (F,), and each
Ji = 0, except for an s-wave OP, projecting out its Fermi
surface (FS) average near T, [16].

In Fig. 4, we plotted the J/(¢o)/J5 data a 0.9 T,
and compared them with the coherent tunneling pre-
dictions |cos(€¢g)| for pure s-, p-, and d-wave super-
conductors [e.g., A(k) = Agcos(€¢), with € =0,1,2,
respectively] in the angular momentum (€), or FS re-
stricted, representation, appropriate for acylindrical FSon
which k, = kr cos¢, etc. As noted above, the curve la
beled s also fits an anisotropic s-wave OP with purely in-
coherent tunneling in any representation. However, sym-
metry requires that a d-wave OP has J/(45°) = 0. More
generally, unless the FS average of the s-wave OP compo-
nent is nonvanishing, J/ () = 0 for some ¢, [2]. This
experiment is thus phase sensitive. The standard devia-
tions of the fits are found to be 0.27, 0.50, and 0.79, re-
spectively. Eliminating sample B changes these to 0.06,
0.46, and 0.81, respectively. Clearly, thefit to the s curve
is the best, and the fits to the p and d curves are unac-
ceptably poor. We thus deduce (1) the OP has an s-wave
component with a nonvanishing FS average near T..

Previously, it was shown that for T = T5 < T,,, the
bare transition temperature of a secondary, incompatible
OP with d,,- or s-wave symmetry, corrections to the J:
of second order in the f% could alow a predominantly
dy>—y2-wave OP to twist in order to compensate for the
junction twist [2]. However, for 7., < T < T. and the
fi— 0, appropriate for Bi2212, J/(45°) =~ 0 close to
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FIG. 4. Plot of J/(0.9T.)/J5(0.9T,) data (open symbols) for
samples A—L (see Tablel) as a function of ¢, (deg). Also
shown: theoretical curves for s-wave (solid ling), p-wave
(dashed curve), and d-wave (dotted curve) order parameters.
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T.. Our experiments thus rule out OP twisting, unless
T5 = T.. Inthat unlikely case, the bulk OP would break
time-reversal invariance and be nodeless for 0 = 7 <
TS =~ T., contradicting other experiments [12,13].

We note that if the FS were cylindrica and f/(q)
were coherent, then these experiments would infer an
isotropic s-wave OP. However, this scenario is un-
likely, since the FS is tight binding, 0 = &é(kr), where
£(k) = —t[cos(kya) + cos(kya)] + t' cos(k,a) cos(kya) —
© [12,17]. The dominant coherent tunneling processes
involve quasiparticle states near the FSs on each side of
the junction. Since the intersection of tight-binding FSs
twisted *¢o/2 about the ¢ axis is vanishingly small,
c-axis twisting reduces such coherent processes. In such
a scenario, J!/J3 would be largest for ¢ = 0,90°,
even for an isotropic s-wave OP. Quantitatively, for
7(q) = fJ exp(—q*/o) and an s-wave OP isotropic on
the tight-binding FS, we find substantial J/(¢,) variation
with coherent (o = 0) tunneling, but no noticeable varia-
tionforo = oy = i(w/a)2 [2]. Sincea ¢-independent
J!/JS is observed, we deduce (2) the c-axis tunneling
across the twist junction is strongly incoherent.

For f/(q) = fo exp(—q*/o) with a d.2—,» OP, in-
creasing o from 0 to o reduced J; at ¢y = 0 by only
~50% [2]. Thus, a highly anisotropic s-wave OP would
yield an anisotropic J/ (¢) for o = . Hence (3) in ad-
dition to (1) and (2), either (a) the OP is isotropic on the
FS or (b) the tunneling is purely incoherent (AB).

Since J! =J5 (4), the twist and intrinsic single
crystal junctions are essentially identical, £5(q) = f/(q).
Except for sample B, HRTEM combined with com-
puter simulations determined that the twist and intrinsic
single crystal junctions of our samples, including
sample A (0°), are chemically identical, with identical c-
axis spacings (15 A) between the van der Waals—bonded
BiO double layers [8]. If the tunneling involved specific
atoms in the CuO, planes across the junction, a latera
trandation of 1 A across a 45° twist junction would
negligibly (by 0.03 A) increase the tunneling distance d,.
Thus, both the tunneling potential and d, are ¢ inde-
pendent. Resonant tunneling, in which the quasiparticles
are temporarily trapped within the junction, losing all
memory of their parallel momenta, is important for large
d;, similarly insensitive to ¢, and could contribute to
the incoherent tunneling [18]. Hence, we can’t rule out
scenario (3b).

We made Bi2212 bicrystal c-axis twist Josephson
junctions of extraordinary high quality. The ratio J//JS
of critical current densities at 7/T. = 0.9 across the
twist junction to that across the single crystal is unity,
independent of the twist angle ¢, and of the ratio
A’/AS of junction areas. When measurable to low T,

JIT) = J3(T), and the JI(T)/J.(0) quantitatively fit
the AB model, except within a few K of 7., due to
superconducting fluctuations. We conclude that the OP
contains an s-wave component with a nonvanishing FS
average for T = T,, the c-axis tunneling is strongly
incoherent, and the twist and intrinsic junctions are
essentially identical. In addition, either the OP isisotropic
on the FS or the tunneling is purely incoherent. Group
theory thus rules out a d,>—.-wave component, except
possibly below a second, unobserved phase transition at
TS < T..
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