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A technique for tunneling into thea-b plane of the layered cuprate superconductors is described and applied
to study the in-plane gap anisotropy of the high-Tc superconductor Bi2Sr2CaCu2O8. The results show unam-
biguously that the in-plane energy gap is highly anisotropic with a gap minimum along the Cu-O2 bond
direction. Using these results, we present an angular mapping of the in-plane gap anisotropy and compare our
results to those from other experiments. Effects of the gap anisotropy on the tunneling spectra will also be
discussed.

I. INTRODUCTION

Tunneling has been a useful tool for measuring the qua-
siparticle density of states and the energy gap of various
superconductors since its first application to aluminum in
1962.1 Since then, the technique has been utilized to study
gap anisotropy by growing sandwich-type junctions on dif-
ferent faces of single crystals of elemental superconductors
like Al,2 Ga,3 Pb,4,5 and Sn.6,7 These studies demonstrate that
gap anisotropy can be observed directly by the tunneling
method, even when the angular variation of the gap value is
quite small. However, there are also materials like Nb that do
not exhibit gap anisotropy in tunneling measurements.8 It is
in general believed that the scattering rate has to be mini-
mized, and hence the conditionl@j ~wherel is the mean free
path andj is the coherence length! must be satisfied for the
observation of the gap anisotropy. High-Tc superconductors
provide a perfect opportunity for gap anisotropy to be ob-
served by tunneling because of their short coherence length.
Furthermore, the gap anisotropy can provide crucial informa-
tion underlying the mechanism of high-Tc superconductivity.

Progress in mechanical junctions such as breakable junc-
tions and scanning tunneling microscopy has facilitated tun-
neling measurements on high-Tc superconductors. Many of
these tunneling studies have been performed on
Bi2Sr2CaCu2O8, or Bi~2212!, because it cleaves easily along
the a-b plane, allowing clean surfaces for both tunneling
microscopy and spectroscopy. Furthermore, it is more stable
against oxygen deficiency problems which occur in YBCO.
A large body of tunneling data on the Bi~2212! materials is
thus present in the literature9–12 and in general the consis-
tency of the reported energy gap values is better than that of
YBCO. There have also been several tunneling studies on the
gap anisotropy of Bi~2212! between thec-axis and thea-b
plane directions.13–18 All studies reported positively on the
dramatic difference between the densities of states observed
along these two directions. Although the interpretation of the
gaplike feature along thec-axis direction can be controver-
sial, the gap value in thea-b plane directions is quite con-
sistently measured in these studies.

One important consideration which needs to be addressed
is the gap anisotropy within thea-b plane of the high-Tc
superconductors. According to many theoretical models, the
in-plane gap anisotropy can actually be quite large, and in

some directions~nodal lines! the gap may vanish completely.
We have previously demonstrated that the in-plane gap an-
isotropy of Bi~2212! can be measured by controlling the tun-
neling direction with respect to the sample.19,20 In this work,
we will present an extensive set of data obtained from a more
careful and systematic study with the same technique. In
particular, we have acquired tunneling spectra from more
angular locations and over a larger angular range, allowing a
complete mapping of the angular dependence of the order
parameter~gap!. In the process, we have accumulated a very
sizable number of independent gap measurements, the inter-
nal consistency of which reinforces the validity of the experi-
mental technique and the results presented in this paper.

II. TUNNELING SPECTROSCOPY

By measuring the tunneling current (I ) from a supercon-
ductor through a barrier as a function of the applied bias
voltage (V), the differential tunneling conductance,G(V)
5dI/dV(V), can be obtained.G(V), referred to as the con-
ductance curve, can be shown to be proportional to the su-
perconducting density of states, and will have peaks outside
the gap region. In general, the intrinsic energy gap of a con-
ventional superconducting sample can be obtained by fitting
G(V) with the BCS density of states~treatingD as a param-
eter! modified by a depairing termG which accounts for the
limited lifetime of the quasiparticles:

N~S!5N~0!
E2 iG

A~E2 iG!22D2
. ~1!

By performing such an analysis on high-Tc tunneling data,
the fitted energy gap values are significantly smaller than the
values determined by the peak positions. The fitting method
is in accord with the one used by photoemission measure-
ments and the energy gap values so obtained are often close
to those measured by photoemission experiments.21,22 In the
case of high-Tc tunneling, however, the quality of the fitting
itself is rarely satisfactory. The major cause of difficulty in
fitting the data is the presence of extra states within the gap
region, as shown in Fig. 1. We have also noticed that the fits
appear better only if the tunneling conductance curve is
highly smeared, in which caseG is so large that nearly all
features in the spectra lose their significance.
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As we will discuss later in this article, the tunneling con-
ductance curves of Bi~2212! can be fit well by assuming an
angular dependence of the gap. It is our opinion that the
exact form of the angular dependence is not crucial to the
success of the model. Rather, the success of the model de-
pends on having the correct symmetry in the angular depen-
dence of the gap, along with the ability to mix in tunneling
currents from angles slightly away from perpendicular to the
junction. This type of model can successfully fit the high-Tc
tunneling data, but the intrinsic gap cannot be described with
a single value. The gap observed in the tunneling data is
actually due to an integration of different intrinsic gaps over
a finite angular range, and so the energy gap in the conven-
tional sense has to be redefined. Experimentally, the simplest
definition is to take the energy gap to be equal to the peak-
to-peak separation divided by two for high-Tc to normal-
metal ~HIN! junctions, and divided by four for high-Tc to
high-Tc ~HIH! junctions.

There are various experimental factors that can influence
the observed tunneling spectra and affect the gap value re-
ported. For example, it has been reported that the gap value
depends on surface homogeneity,23 surface topography,24 and
also tip distance from the sample.25Another source of uncer-
tainty comes from smearing due to depairing. As in the case
of conventional superconductor tunneling, this smearing will
increase the peak-to-peak separation and must be accounted
for by fitting the conductance curves to determine the gap.
Conversely, off-axis contributions to the tunneling current
for highly anisotropic materials like Bi~2212! can also re-
duce the sharpness of the conductance curves, but will not
dramatically affect the peak positions. The importance of gap
anisotropy in tunneling data is nicely demonstrated in Fig. 2,
where the peaks of tunneling curves of different quality
taken in the same direction occur at roughly the same posi-
tion. This also serves to validate the use of peak positions to
determine the energy gap.

III. EXPERIMENTAL DETAILS

The in-plane tunneling spectra shown in this article were
all taken using a low-temperature STM with ambient tem-
peratures during data acquisition slightly above 4.2 K~due to

heating from electronics!. In order to tunnel into thea-b
plane, an unconventional junction geometry was used. The
edge of a thin single crystal is brought into close proximity
to either a normal-metal counterelectrode~HIN junction! or
the matching edge of the same crystal~HIH junction!, form-
ing a crossing configuration. For the HIN data presented in
this paper, the normal-metal counterelectrode was made from
a length of Pt-Ir wire. The geometry of the junctions is de-
picted schematically in Fig. 3. There are three important ben-
efits which are gained from the use of this cross-junction
geometry. One difference between this type of junction and a
typical STM junction is the effective tunneling area. Nor-
mally, the STM tunneling area is very small and the sam-
pling area is highly localized. The energy gap measured is
therefore only a local value that depends on the stoichiom-
etry at that position. Because a larger area of material is
involved in the transport of current in the cross junctions,
uncertainties due to local inhomogeneities are less signifi-
cant. The second benefit is that the tunneling current is con-
fined to thea-b plane. Earlier results show that the tunneling
conductance curves taken inc-axis anda-b plane directions
are qualitatively different.15 Unless the surface is extremely
well prepared, as in some other studies,26,27 the peak features
in c-axis tunneling are severely smeared and obscured by a

FIG. 1. A best fit~solid line! using BCS density of states and
Gaussian smearing~G57 meV, D523 meV!. Note extra states
within the gap region in the data.

FIG. 2. Two conductance curves from the same tunneling angle.
Both curves have approximately the same peak-to-peak gap value
despite the difference in sharpness.

FIG. 3. Schematics of HIN and HIH junctions.u represents the
angle between thea axis ~with respect to the orthorhombic unit
cell! and the tunneling direction.
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risingV-shaped background. It is in general believed that the
V-shaped background originates from inelastic tunneling,
and this view is consistent with a shortc-axis coherence
length. In a-b plane tunneling, however, the energy gap
peaks are more prominent due to the longer coherence length
in this direction. As a result,a-b plane tunneling allows a
more meaningful measurement of the intrinsic gap. All tun-
neling curves we present in this work are consistent with the
appearance of in-plane tunneling curves. The third benefit
gained from this junction geometry is the capability to ex-
pose an edge perpendicular to any desired tunneling direc-
tion within thea-b plane, thereby allowing measurements of
the in-plane gap in different directions. Exploitation of this
tunneling technique has produced the first systematic inves-
tigation of the anisotropy of in-plane tunneling spectra of a
high-Tc material to date,20 and promises an opportunity to
provide a clearer picture of the nature of high-Tc supercon-
ductivity.

The superconducting samples used in this set of experi-
ments were carefully selected single crystal platelets~ap-
proximately 23230.1 mm! cleaved perpendicularly to thec
axis from Bi~2212! grown by methods reported by Mitzi
et al.28 Four-point contact resistivity measurements showed
the superconducting transition temperature to be 85 K with a
transition width of 5 K. X-ray diffraction was used to ensure
individual sample quality and to determine the crystallo-
graphic axes within the sample. Thea andb axes are defined
such that they lie within the Cu-O2 planes, with thec axis in
the perpendicular direction. In this paper, we will refer to the
orthorhombic unit cell with lattice parameters of 5.414
35.418330.89 Å, in which the Cu-O2 bond lies 45° between
the a and b axes.29 With the a and b axes known, the
samples were mechanically cut to expose edges perpendicu-
lar to the desired tunneling direction and immediately trans-
ferred to the low-temperature vacuum environment. The
edges were inspected with optical as well as electron micro-
scopes, and were found to have the layered structure of the
bulk material still intact and unaltered by the cutting process.
Figure 4 shows a scanning electron micrograph of a typical
edge cut using the mechanical process. The layered structure
is clearly intact in this and all other micrographs we have
taken. The layers apparent in this micrograph are approxi-
mately 2.0mm across, which translates to roughly 650 unit
cells in thec-axis direction. Once the sample is locked into
position with its edge perpendicular to the counterelectrode,
the two are carefully brought into close proximity until a
tunneling current is detected. The tunneling current as a
function of applied bias voltage is then measured, and the
differential conductance is derived from the data. For a each
sample, several edges with different crystallographic orienta-
tions are cut and characterized. Many series of spectra are
then taken from each edge by maneuvering the counterelec-
trode or reapproaching. Thus, a record of the in-plane tun-
neling spectra in various directions is collected. In order to
make a mapping of the energy gap values taken from this
data over a wide angular range, three different samples were
used. In all cases the tunneling spectra from the different
samples are comparable, and continuity of the data between
samples is intact.

IV. RESULTS AND DISCUSSION

To demonstrate the in-plane gap anisotropy, we first com-
pile selected data from three separate samples. In the follow-
ing, all curves in the same figure are data collected in the
same measurement run from the same piece of sample, and
angles are measured from thea axis ~with respect to the
orthorhombic unit cell!. In Fig. 5, we show typical tunneling
conductance curves taken along four different directions
ranging from 11° to 44° within thea-b plane of the sample.
The peak-to-peak separation divided by two~energy gap! is
33 meV at 11°, and reaches a minimum of 18 meV at 44°,
which corresponds to tunneling along the Cu-O2 bond direc-
tion. To locate the maximum and minimum gap values with
certainty, we extended the angular range of the data by per-
forming the same experiment on two other samples. Curves
taken with tunneling angles ranging from 25° to 65° are dis-
played in Fig. 6. The energy gap reaches a minimum of 23
meV at 45° and increases to 30 meV 20° away. The mini-
mum of the energy gap can now be unambiguously located at
45° ~Cu-O2 bond direction!. In Fig. 7, we have compiled
another set of five curves with tunneling directions ranging
from 220° to 120° with 0° in between. Here we observe
that the change in the energy gap is not as dramatic near the
maximum gap~0°! direction. The peak position varies only
slightly in this angular range, with a gap~D! difference of
about 5 meV. Over the entire 45° range,D has a variation of
about 20 meV, from a maximum of 40 meV to a minimum of
20 meV.

FIG. 4. Scanning electron micrograph of a typical edge cut us-
ing the mechanical process. The layered structure is preserved and
the layers are approximately 2.0mm across.
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Although the curves taken along the gap minimum direc-
tions in Figs. 5 and 6 look as sharp or sharper than the others,
we want to point out that the zero bias offset of these curves
is significantly larger than those of the other curves, and that
this offset is included in the normalization. As a result, the
45° curves appear to be more shallow than the other curves.
Indeed, in the data we have collected so far, there is an
obvious trend that the zero bias offset increases near the
minimum gap direction. This suggests that normal electron
tunneling plays an important role in this angular range. When
inspecting the quality of tunneling conductance curves of the
conventional superconductors, a large zero bias offset is of-
ten considered to indicate electrical shorting past the insulat-
ing barrier, and thus data of poor quality. In the case of
highly anisotropic materials such as the high-Tc supercon-

ductors, the zero bias offset can be due to the gap anisotropy
and therefore is not sufficient to determine the quality of the
data.

A comprehensive presentation of the data appears in Fig.
8, which shows the measured gap~peak-to-peak divided by
2! values derived from our HIN data verses the tunneling
direction. This plot shows all of the data taken from the three
different Bi~2212! single crystals represented in Figs. 5–7.
The measured gap values range from 40 meV at 0° from the
a axis to 18 meV at 45°, where 45° indicates tunneling along
the Cu-O2 bond. At each tunneling angle there is a spread in
the measured gap values which remains roughly constant at
about 8 meV. This spread is significantly smaller than the
measured anisotropy, and can be primarily accounted for by
smearing due to depairing effects. Smaller experimental er-
rors due to uncertainty in tunneling angle and finite energy
resolution can also contribute. The angular range over which
the HIN gap measurements were taken span 90° of the total

FIG. 5. Conductance curves from four angles within the same
sample. The peak-to-peak gap values are strongly dependent on the
tunneling angle. All curves are normalized so that the distance be-
tween the peaks and zero conductance are the same. They are then
shifted upward for presentation clarity.

FIG. 6. Conductance curves from five angles within the same
sample. The gap minimum is located with certainty at 45°~along
the Cu-O2 bond!.

FIG. 7. Conductance curves centered about the gap maximum.
The gap anisotropy is smaller in this angular region.

FIG. 8. Energy gap values plotted against tunneling angle from
all measurements in this study. The gap reaches a pronounced mini-
mum at 45°~Cu-O2 bond direction! although no nodal line is de-
tected. The uncertainty in gap measurements at a given angle is
smaller than the anisotropy. The anisotropy is greatest near the gap
minimum, and is quite small near the gap maximum.
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360° of the real spacea-b plane, including a gap minimum
at 45° and a maximum centered about 0° with respect to the
a axis. The crystal structure is orthorhombic but includes a
one-dimensional in-plane superstructure along theb axis.29

Apart from this superstructure which has not been shown to
affect the electric, magnetic, or superconducting properties
of the material, the system possesses a fourfold symmetry.
By assuming that this fourfold symmetry can be applied to
the angular dependence of the gap function, a mapping of the
gap anisotropy may be extrapolated for the full 360°. Figure
9 is a polar plot which depicts the symmetry of the gap
suggested by our data. The experimental data are plotted and
a mean gap value calculated for each tunneling angle. These
mean values are then used to map the anisotropy pattern to
the remaining angular range.

An important distinction between the competing theories
which describe the mechanism responsible for high-
temperature superconductivity is the pairing state of the su-
perconducting electrons. One conspicuous feature of a
d-wave pairing mechanism is the existence of a nodal line in
the angular dependence of the energy gap which would,
in theory, manifest itself as a point where the gap would
pass through zero, changing sign. Tunneling experiments
are not sensitive to this sign change, but should be able to
detect the rapid approach to zero. Only phase-sensitive
measurements30,31can ensure the existence of a nodal line. It
is difficult to conclude whether or not a nodal line exists
purely by inspection of the data in Figs. 8 and 9. The rate of
change of the measured gap values is indeed largest near the
gap minimum direction~45°!, while the gap values measured
in the angular range near the gap maximum~0°!, change
more slowly. This may imply that a singularity exists in the
angular dependence of the energy gap, but no direct evidence
of a nodal line has been observed in this experiment. Two
explanations for the failure to detect the nodal line may be
advanced. It is possible that the nodal line does not exist at
all. The angular dependence of the gap we observe may be
described consistently by models with anisotropics-wave
components.32 Conversely, limits in the angular resolution of
the tunneling experiment may prohibit the resolution of the
nodal line. These limits have their origin in the fact that

tunneling currents from directions away from perpendicular
to the junction contribute to the overall current density, al-
though with a magnitude which falls off exponentially with
increasing angle from perpendicular. This effect can mask a
zero gap measurement along a nodal line by sampling cur-
rents from nearby angular ranges.

Although we make no claims as to whether a nodal line
exists or not, it should be noted that excellent fits of data
taken with this technique on Bi~2212! have been generated
previously by assuming ad-wave dependence of the energy
gap.20 To demonstrate this explicitly, we apply the same fit-
ting procedure to a typical curve from our present data,
shown in Fig. 10. In this fitting, we have assumed ad-wave-
like gap anisotropy with a nodal line along the Cu-O2 bond
direction. However, in a particular direction, we still assume
the BCS density of states as given in Eq.~1! with G50. To
obtain the tunneling conductance curve, we allow tunneling
in other directions with an exponential weight
exp~2b sin2u!, whereb is a parameter which depends on the
work function and the barrier thickness. For high-Tc super-
conductors, the work function andb are in general smaller
than many other metals.33 This reduces the angular resolution
of the present measurement. On rare occasions, most likely
due to surface conditions,b can be larger and tunneling is
limited to a smaller angular range. This may explain why
BCS-like conductance curves with relatively sharp peaks and
small zero bias offset are observed in some other tunneling
experiments. Depairing effects are taken into account by
smearing each data point with a Gaussian function ofG in
width. As can be seen by comparing Figs. 1 and 10, the
inclusion of gap anisotropy has effectively produced extra
states within the gap region and improved the quality of
fitting dramatically. The importance of this exercise is that,
though the nodal line is not observed, there is no contradic-
tion between our data and the existence of a nodal line if the
limited angular resolution is taken into account. This proce-
dure works well for all of our data, and a similar approach
has also been successfully applied by other researchers to
analyze angular resolved tunneling spectra.34

Another distinction between theories of the high-Tc pair-
ing mechanism is the orientation of the gap function. This is

FIG. 9. By assuming a fourfold symmetry, the data in Fig. 8,
which encompass 90°, can be used to map the measured gap values
to 360°. The open circles are the actual data, the solid diamonds are
averages of the data.

FIG. 10. By incorporating an anisotropic gap function into the
fitting model, extra states within the gap region are introduced. This
dramatically improves the quality of the fit~solid line! as compared
to the fit in Fig. 1 of the same data.
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a question which the present result could help to answer.
Although many of the models which predict gap anisotropy
are ambivalent to the orientation of the gap function with
respect to the crystallographic axes, some models do predict
a specific orientation. For example, Pineset al.35 have pro-
posed an interaction between planar quasiparticles induced
by the exchange of antiferromagnetic paramagnons, and
have demonstrated that this model leads uniquely to a super-
conducting state withd(x22y2) symmetry. This form for the
gap symmetry would identify the Cu-O2 bond direction with
the gap maximum. It should be pointed out, however, that the
dispersion relation obeyed by the planar quasiparticles was
determined by angular-resolved photoemission~ARPES! ex-
periments, and that the spectrum of spin fluctuations was
taken from fits to NMR experiments.36 Conversely, Miyake
et al.37 have calculated the interaction for spin-singlet Coo-
per pairs and conclude that the interaction is attractive for the
d(xy) symmetry, but repulsive for both extended-s and
d(x22y2) symmetries. Thed(xy) symmetry would place
the gap minimum along the Cu-O2 bond direction. Depend-
ing on the filling of the Fermi surface, Anderson’s aniso-
tropic s-wave model, in which the underlying mechanism is
an interlayer tunneling phenomenon, could also identify the
Cu-O2 bond as the gap minimum.38

One important difference between the results of the
present experiment and those of recent ARPES experiments
involves this orientation of the gap function. The present
experiment identifies the Cu-O2 bond direction as the energy
gap minimum, while the photoemission results identify it as
the gap maximum. In other words, the photoemission gap
anisotropy pattern is rotated by 45° from our results. While
agreement on the direction of the maximum~or minimum!
energy gap from independent photoemission groups has been
demonstrated,39–41our results have also been reproduced by
other researchers.42 Furthermore, Tanakaet al. have ex-
tended tunneling measurements to the materials YBa2Cu3O7
and La22xSrxCuO4 ~x50.10 and 0.15! and obtained similar
results with the minimum gap along the Cu-O bond
direction.42 Hence, it seems certain that there is a systematic
difference between tunneling and photoemission measure-
ments. Uedaet al.43 has proposed the possibility that the
current measured by tunneling is actually 45° off from the
normal to the surface by considering the shape of the elec-
tron wave function of the surface oxygen. They argue that
the tunneling probability depends on the orientation of the
oxygen orbitals. For example, when a measurement is taken
along the minimum gap direction, the orbitals can be 45° off
the surface and the tunneling electrons would be more likely
to come from the maximum gap direction. Miyakeet al.,44

on the other hand, has recently made a similar comment on
photoemission results. He contends that the photoemission
intensity is actually weaker when the energy gap is maxi-
mum because the coherence factor is small at\v.2D for a
type-II process. None of these authors demonstrate how the
angular change of photoemission intensity or tunneling cur-
rent strength will affect the peak position observed and the
gap value measured. It is therefore important that more care-
ful analysis and further experiments be pursued to resolve
the difference.

In order to demonstrate the validity of our HIN tunneling
data, we have also performed in-plane Bi~2212! to Bi~2212!

~HIH! tunneling using a similar junction structure. In particu-
lar, we will show the consistency in the data taken from the
two different techniques, and provide additional evidence of
the measured gap anisotropy. As in the HIN experiments,
x-ray diffraction was used to determine the crystallographic
axes within the sample, and the sample was dissected to
expose an edge with either the 45° or 0° direction perpen-
dicular on both halves~see Fig. 3!. The samples were then
immediately transferred to the STM. For simplicity of analy-
sis in these HIH experiments, measurements were made only
at a single angle for each sample and hence the tunneling
angles at both sides are the same. In Fig. 11 we compare two
conductance curves taken at 0° using HIN and HIH tunnel-
ing. As we have reported before,15 the semiconductor model
commonly used for HIN tunneling can also be applied to
HIH tunneling. According to this model, the peak-to peak
separation in HIH data~4D! should be twice that of HIN data
~2D!, and the data shown in Fig. 11 conform well to this
expectation. Although the HIH and HIN curves are consis-
tent in peak positions, it is clear that there are also some
striking differences in the shapes of these curves. The con-
ductance peaks are much sharper and more pronounced in
the HIH data, as is to be expected from the simplest models
of superconducting tunnel junctions. There is also an inter-
esting dip feature, reported previously by other researchers,45

which is obscured in the HIN data but can be clearly seen in
the typical HIH spectrum. Explanations for this feature have
been proposed in theoretical models.46,47We observe this dip
feature clearly in both the maximum and minimum gap di-
rections, in contrast to some earlier photoemission reports.21

In the experiment above, the majority of the tunneling spec-
tra showed this dip feature clearly, and it appeared with equal
frequency in the 0° and 45° directions.

To examine the gap anisotropy, samples with edges cut in

FIG. 11. Conductance curves taken from~a! HIN tunneling and
~b! HIH tunneling. The measured gap values are approximately the
same~note that the bias voltage scales are different!. Both curves
were taken along the 0°~gap maximum! direction.
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different directions were used. Figure 12 shows two typical
HIH tunneling conductance curves from these measure-
ments, taken along the expected minimum and maximum
gap directions. The measured gap values at 0° and 45° are 40
meV and 23 meV, respectively. This is in complete agree-
ment with results from the HIN measurements, although it
should be pointed out that there is a spread in measured gap
values in the HIH tunneling data, as in the HIN case. This
can be seen in Fig. 13, which provides a plot of all of the
energy gap values taken from HIH tunneling in the two dif-
ferent directions. The uncertainty in the measured gap values
is approximately the same in both HIH and HIN tunneling,
even though the HIH spectra is sharper. Most importantly,
the measured gap values are clearly smaller in the 45° direc-
tion ~along the Cu-O2 bond! than in the 0° direction, in
agreement with the angular dependence established from the
HIN data.

V. CONCLUSIONS

We have measured the in-plane energy gap of Bi~2212! at
14 different angular locations within a 90° range. The angu-
lar dependence of the energy gap is completely mapped out

by assuming a fourfold symmetry as holds approximately in
the crystal structure. The in-plane gap anisotropy is clearly
observed with a minimum value of 20 meV along the Cu-O2
bond. The maximum gap direction is 45° away, with a value
of about 40 meV. The anisotropy pattern as well as the gap
values were confirmed by high-Tc to high-Tc tunneling. It is
not clear why there is a 45° difference between tunneling and
photoemission results, though different explanations have
been proposed by other researchers.

At a specific angle, there is an experimental uncertainty of
about 8 meV in the measured energy gap values due to de-
pairing effects and other experimental factors. This uncer-
tainty is approximately the same along all tunneling direc-
tions, and more importantly, it is significantly smaller than
the gap variation due to anisotropy. The gap value varies
most rapidly near the minimum gap direction. We observe no
direct evidence of a nodal line in the angular dependence of
the gap, however we cannot ignore the possibility of a nodal
line due to limitations in angular resolution.
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