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Angular dependence of the in-plane energy gap of Bér,CaCu,0O4 by tunneling spectroscopy
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Atechnique for tunneling into tha-b plane of the layered cuprate superconductors is described and applied
to study the in-plane gap anisotropy of the highsuperconductor Bsr,CaCyOg. The results show unam-
biguously that the in-plane energy gap is highly anisotropic with a gap minimum along the, Gord
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.

[. INTRODUCTION some directiongnodal lines the gap may vanish completely.
We have previously demonstrated that the in-plane gap an-
Tunneling has been a useful tool for measuring the quaisotropy of B{2212 can be measured by controlling the tun-
siparticle density of states and the energy gap of variougeling direction with respect to the samp?e? In this work,
superconductors since its first application to aluminum inwe will present an extensive set of data obtained from a more
1962 Since then, the technique has been utilized to studgareful and systematic study with the same technique. In
gap anisotropy by growing sandwich-type junctions on dif-Particular, we have acquired tunneling spectra from more
ferent faces of single crystals of elemental superconductor@ngular locations and over a larger angular range, allowing a
like Al,2 Ga® Pb*® and Sr’” These studies demonstrate that cOmplete mapping of the angular dependence of the order
gap anisotropy can be observed directly by the tunnelingp@rametetgap. In the process, we have accumulated a very
method, even when the angular variation of the gap value i§izable number of independent gap measurements, the inter-
quite small. However, there are also materials like Nb that déal consistency of which reinforces the validity of the experi-
not exhibit gap anisotropy in tunneling measureméritss ~ Mental technique and the results presented in this paper.
in general believed that the scattering rate has to be mini-
mized, and hence the conditib® & (wherel is the mean free Il. TUNNELING SPECTROSCOPY
path and¢ is the coherence lengtimust be satisfied for the i )
observation of the gap anisotropy. High-superconductors BY measuring the tunneling currerif)(from a supercon-
provide a perfect opportunity for gap anisotropy to be op-ductor through a barrler_as a funptlon of the applied bias
served by tunneling because of their short coherence lengtif°!t2ge ), the differential tunneling conductanc&(V)
Furthermore, the gap anisotropy can provide crucial informa=_ d!/dV(V), can be obtained>(V), referred to as the con-
tion underlying the mechanism of highs superconductivity, ductance curve, can be shown to be proportional to the su-
Progress in mechanical junctions such as breakable jun@grconducting density of states, and will have peaks outside
tions and scanning tunneling microscopy has facilitated tunth® 9ap region. In general, the intrinsic energy gap of a con-
neling measurements on high-superconductors. Many of venUongI superconductm_g sample can t_Je obtained by fitting
these tunneling studies have been performed off(V) With the BCS density of statdgreatingA as a param-
Bi,Sr,CaCyOs, or Bi(2212, because it cleaves easily along &t€) modified by a depairing teri which accounts for the
the a-b plane, allowing clean surfaces for both tunnelingiMited lifetime of the quasiparticles:
microscopy and spectroscopy. Furthermore, it is more stable )
against oxygen deficiency problems which occur in YBCO. N(S)=N(0) E-il
A large body of tunneling data on the (BR12 materials is V(E—=iT)2=A%
thus present in the literattfe? and in general the consis-
tency of the reported energy gap values is better than that &y performing such an analysis on high-tunneling data,
YBCO. There have also been several tunneling studies on thge fitted energy gap values are significantly smaller than the
gap anisotropy of B2212 between thec-axis and thea-b  values determined by the peak positions. The fitting method
plane direction$3~*8 All studies reported positively on the is in accord with the one used by photoemission measure-
dramatic difference between the densities of states observedents and the energy gap values so obtained are often close
along these two directions. Although the interpretation of theto those measured by photoemission experim@rftsin the
gaplike feature along the-axis direction can be controver- case of highF. tunneling, however, the quality of the fitting
sial, the gap value in tha-b plane directions is quite con- itself is rarely satisfactory. The major cause of difficulty in
sistently measured in these studies. fitting the data is the presence of extra states within the gap
One important consideration which needs to be addresseeggion, as shown in Fig. 1. We have also noticed that the fits
is the gap anisotropy within tha-b plane of the highf,  appear better only if the tunneling conductance curve is
superconductors. According to many theoretical models, theighly smeared, in which cade is so large that nearly all
in-plane gap anisotropy can actually be quite large, and ifieatures in the spectra lose their significance.
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FIG. 1. A best fit(solid line) using BCS density of states and FIG. 2. Two conductan.ce curves from the same tunneling angle.
Gaussian smearing’=7 meV, A=23 me\). Note extra states Both_curves I_1ave app_rommately the same peak-to-peak gap value
within the gap region in the data. despite the difference in sharpness.

S o . . heating from electronigs In order to tunnel into thea-b
As we will discuss later in this article, the tunneling con- . . .
ductance curves of B2212 can be fit well by assuming an plane, an unconventional junction geometry was used. The
angular dependence of the gap. It is our opinion that th edge of a thin single crystal is brought into close proximity
exact form of the angular dependence is not crucial to thgﬁee'r;h;éﬁnnOrergale'rgﬁﬁ:aCso;r:teegli{(;glﬁwuﬁ éﬁgﬁ;'c;g)mci
success of the model. Rather, the success of the model de- 9 edge ¢ . y J ' .
. ; Ihg a crossing configuration. For the HIN data presented in
pends on having the correct symmetry in the angular depeq- :
dence of the gap, along with the ability to mix in tunneling his paper, the normal—metal counterelectrodg was mac_je from
' . . a length of Pt-Ir wire. The geometry of the junctions is de-
currents from angles slightly away from perpendicular to the . ; A .
junction. This type of model can successfully fit the high- plpted sghematlcally in Fig. 3. There are ‘h“?e |mportgnt b'en—
tunneling data, but the intrinsic gap cannot be described witlgfItS which are gamed from the use of this c.ross.-Juncnon
a single value. The gap observed in the tunneling data i eometry. One d|ff_erer_10e between_th|s type (_)fJ“nCt'On anda
actually due to an integration of different intrinsic gaps over%lzl'"Cal tﬁ;hg#kjﬂngﬂgge'nsn thzrggeigtl\\,lgr tug:gl'lngnzr?gé ';lgr:_
a finite angular range, and so the energy gap in the converl, y’area is hiahl Ioca?ized The en)cler ap measured is
tional sense has to be redefined. Experimentally, the simple %ergefore onl e?loi/:al value that de engg c?n Ft)he Stoichiom-
definition is to take the energy gap to be equal to the peak- yax P -
to-peak separation divided by two for high-to normal- etry at th_at position. Because a Iar_ger area of r_nate_rlal is
metal (HIN) junctions, and divided by four for higlis to involved in the transport of current in the cross junctions,
high-T (HIHJ) junction,s y 9l uncertainties due to local inhomogeneities are less signifi-
Thecre are various e>.<perimental factors that can influenc ant. The second benefit IS that the tunneling current is con-
the observed tunneling spectra and affect the gap value re'—ned to thea-b plane. Earhgr re_sults show that th? tuqnelmg
ported. For example, it has been reported that the gap Valu%onductanc_e curves tak%n Graxis anda-b plane_ directions
d Gigurf t % and are qualitatively different? Unless the surface is extremely
epends on surface homogenértgurface topography, an I d ; h R th KT
also tip distance from the sampfeAnother source of uncer- well prepared, as in some other stu ,the peak features
; . : o . in c-axis tunneling are severely smeared and obscured by a
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 a—b HIN a—b HIH
for by fitting the conductance curves to determine the gap.
Conversely, off-axis contributions to the tunneling current
for highly anisotropic materials like B2212 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 o O o ©
taken in the same direction occur at roughly the same posi-
tion. This also serves to validate the use of peak positions to P—Ir
determine the energy gap.

Bi(2212) Bi(2212)

Bi(2212)

Ill. EXPERIMENTAL DETAILS

The in-plane tunneling spectra shown in this article were FIG. 3. Schematics of HIN and HIH junctiong.represents the
all taken using a low-temperature STM with ambient tem-angle between tha axis (with respect to the orthorhombic unit
peratures during data acquisition slightly above 4.@fe to  cell) and the tunneling direction.
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rising V-shaped background. It is in general believed that the
V-shaped background originates from inelastic tunneling
and this view is consistent with a shastaxis coherence
length. In a-b plane tunneling, however, the energy gap
peaks are more prominent due to the longer coherence leng
in this direction. As a resulta-b plane tunneling allows a
more meaningful measurement of the intrinsic gap. All tun- - o
neling curves we present in this work are consistent with the g%
appearance of in-plane tunneling curves. The third benefi J
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-T, material to daté® and promises an opportunity to
provide a clearer picture of the nature of high-supercon-
ductivity. =5
The superconducting samples used in this set of exper -
ments were carefully selected single crystal platelefs-
proximately 2<2x0.1 mm) cleaved perpendicularly to the ?
axis from Bi2212 grown by methods reported by Mitzi  * ..
et al?® Four-point contact resistivity measurements showec v, e
the superconducting transition temperature to be 85 K with ¢
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. Theandb axes are defined

such that they lie within the Cu-(planes, with the axis in FIG. 4. Scanning electron micrograph of a typical edge cut us-

the perpendicular direction. In this paper, we will refer to thejng the mechanical process. The layered structure is preserved and
orthorhombic unit cell with lattice parameters of 5.414 the |ayers are approximately 2m across.

%X5.418<30.89 A, in which the Cu-@bond lies 45° between

the a and b axes?® 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- To demonstrate the in-plane gap anisotropy, we first com-
ferred to the low-temperature vacuum environment. Thepile selected data from three separate samples. In the follow-
edges were inspected with optical as well as electron microing, all curves in the same figure are data collected in the
scopes, and were found to have the layered structure of tH&me measurement run from the same piece of sample, and
bulk material still intact and unaltered by the cutting processangles are measured from tlaeaxis (with respect to the
Figure 4 shows a scanning electron micrograph of a typicaPrthorhombic unit cejl In Fig. 5, we show typical tunneling
edge cut using the mechanical process. The layered structuf@nductance curves taken along four different directions
is clearly intact in this and all other micrographs we havel@nging from 11° to 44° within tha-b plane of the sample.
taken. The layers apparent in this micrograph are approxil € Peak-to-peak separation divided by tremergy gapis

mately 2.0um across, which translates to roughly 650 unit31:’]_mhev at 11°, ant reiacheﬁ a ”}iniml#]n %f i{Sbn:je(;/_ at 44°,
cells in thec-axis direction. Once the sample is locked into WNICN COIMESpoNaS 1o tunneling along the Lyiond direc-

position with its edge perpendicular to the counterelectrodetlon' To locate the maximum and minimum gap values with

the two are carefully brought into close proximity until a Certainty, we extended the angular range of the data by per-

: : ) forming the same experiment on two other samples. Curves
tunneling current is detected. The tunneling current as &, with tunneling angles ranging from 25° to 65° are dis-

function of applied bias voltage is then measured, and th layed in Fig. 6. The energy gap reaches a minimum of 23
differential conductance is derived from the data. For a eac eV at 45° and increases to 30 meV 20° away. The mini-
sample, several edges with different crystallographic orientag,,m of the energy gap can now be unambiguously located at
tions are cut and characterized. Many series of spectra aigs° (Cu-0, bond directioi. In Fig. 7, we have compiled
then taken from each edge by maneuvering the counterelegmother set of five curves with tunneling directions ranging
trode or reapproaching. Thus, a record of the in-plane tunfrom —20° to +20° with 0° in between. Here we observe
neling spectra in various directions is collected. In order tothat the change in the energy gap is not as dramatic near the
make a mapping of the energy gap values taken from thisnaximum gap(0°) direction. The peak position varies only
data over a wide angular range, three different samples werdightly in this angular range, with a gap) difference of
used. In all cases the tunneling spectra from the differenabout 5 meV. Over the entire 45° rangehas a variation of
samples are comparable, and continuity of the data betweeabout 20 meV, from a maximum of 40 meV to a minimum of
samples is intact. 20 meV.

-

IV. RESULTS AND DISCUSSION
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FIG. 5. Conductance curves from four angles within the same FIG. 7. Conductance curves centered about the gap maximum.

sample. The peak-to-peak gap values are strongly dependent on th8€ 9ap anisotropy is smaller in this angular region.
tunneling angle. All curves are normalized so that the distance be-
tween the peaks and zero conductance are the same. They are thfiictors, the zero bias offset can be due to the gap anisotropy
shifted upward for presentation clarity. and therefore is not sufficient to determine the quality of the
data.

Although the curves taken along the gap minimum direc- A comprehensive presentation of the data appears in Fig.
tions in Figs. 5 and 6 look as sharp or sharper than the other8, which shows the measured gaeak-to-peak divided by
we want to point out that the zero bias offset of these curve®) values derived from our HIN data verses the tunneling
is significantly larger than those of the other curves, and thadlirection. This plot shows all of the data taken from the three
this offset is included in the normalization. As a result, thedifferent Bi(2212 single crystals represented in Figs. 5-7.
45° curves appear to be more shallow than the other curve$he measured gap values range from 40 meV at 0° from the
Indeed, in the data we have collected so far, there is am axis to 18 meV at 45°, where 45° indicates tunneling along
obvious trend that the zero bias offset increases near thae Cu-Q bond. At each tunneling angle there is a spread in
minimum gap direction. This suggests that normal electrorthe measured gap values which remains roughly constant at
tunneling plays an important role in this angular range. Wherabout 8 meV. This spread is significantly smaller than the
inspecting the quality of tunneling conductance curves of theneasured anisotropy, and can be primarily accounted for by
conventional superconductors, a large zero bias offset is oBmearing due to depairing effects. Smaller experimental er-
ten considered to indicate electrical shorting past the insulators due to uncertainty in tunneling angle and finite energy
ing barrier, and thus data of poor quality. In the case ofresolution can also contribute. The angular range over which
highly anisotropic materials such as the highsupercon- the HIN gap measurements were taken span 90° of the total
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-100 . 0 100 FIG. 8. Energy gap values plotted against tunneling angle from
Bias Voltage (mV) all measurements in this study. The gap reaches a pronounced mini-

mum at 45°(Cu-O, bond direction although no nodal line is de-

FIG. 6. Conductance curves from five angles within the samdected. The uncertainty in gap measurements at a given angle is
sample. The gap minimum is located with certainty at ddng  smaller than the anisotropy. The anisotropy is greatest near the gap
the Cu-Q bond. minimum, and is quite small near the gap maximum.
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FIG. 9. By assuming a fourfold symmetry, the data in Fig. 8, FIG. 10. By incorporating an anisotropic gap function into the
WhICh encompass 900, can be used to map the measured gap ValJEgng mOde|, extra states W|th|n the gap reglon are IntI‘OdUCEd Th|S

to 360°. The open circles are the actual data, the solid diamonds afamatically improves the quality of the fiolid line) as compared
averages of the data. to the fit in Fig. 1 of the same data.

360° of the real spaca-b plane, including a gap minimum tunneling currents from directions away from perpendicular
at 45° and a maximum centered about 0° with respect to thto the junction contribute to the overall current density, al-
a axis. The crystal structure is orthorhombic but includes ahough with a magnitude which falls off exponentially with
one-dimensional in-plane superstructure alonghihexis?®  increasing angle from perpendicular. This effect can mask a
Apart from this superstructure which has not been shown taero gap measurement along a nodal line by sampling cur-
affect the electric, magnetic, or superconducting propertiesents from nearby angular ranges.
of the material, the system possesses a fourfold symmetry. Although we make no claims as to whether a nodal line
By assuming that this fourfold symmetry can be applied toexists or not, it should be noted that excellent fits of data
the angular dependence of the gap function, a mapping of theken with this technique on B212 have been generated
gap anisotropy may be extrapolated for the full 360°. Figurepreviously by assuming d-wave dependence of the energy
9 is a polar plot which depicts the symmetry of the gapgap?® To demonstrate this explicitly, we apply the same fit-
suggested by our data. The experimental data are plotted atidg procedure to a typical curve from our present data,
a mean gap value calculated for each tunneling angle. Thesdhown in Fig. 10. In this fitting, we have assumed-wave-
mean values are then used to map the anisotropy pattern like gap anisotropy with a nodal line along the Cy-abnd
the remaining angular range. direction. However, in a particular direction, we still assume
An important distinction between the competing theoriesthe BCS density of states as given in Ef) with I'=0. To
which describe the mechanism responsible for high-obtain the tunneling conductance curve, we allow tunneling
temperature superconductivity is the pairing state of the suin  other directions with an exponential weight
perconducting electrons. One conspicuous feature of axp(—p3 sir’6), whereg is a parameter which depends on the
d-wave pairing mechanism is the existence of a nodal line irwork function and the barrier thickness. For highsuper-
the angular dependence of the energy gap which would;onductors, the work function ang are in general smaller
in theory, manifest itself as a point where the gap wouldthan many other metaf§ This reduces the angular resolution
pass through zero, changing sign. Tunneling experimentsf the present measurement. On rare occasions, most likely
are not sensitive to this sign change, but should be able tdue to surface conditiongd can be larger and tunneling is
detect the rapid approach to zero. Only phase-sensitivémited to a smaller angular range. This may explain why
measurementS>! can ensure the existence of a nodal line. [tBCS-like conductance curves with relatively sharp peaks and
is difficult to conclude whether or not a nodal line existssmall zero bias offset are observed in some other tunneling
purely by inspection of the data in Figs. 8 and 9. The rate obxperiments. Depairing effects are taken into account by
change of the measured gap values is indeed largest near thmearing each data point with a Gaussian functiod’ af
gap minimum directiori45°), while the gap values measured width. As can be seen by comparing Figs. 1 and 10, the
in the angular range near the gap maxim®i), change inclusion of gap anisotropy has effectively produced extra
more slowly. This may imply that a singularity exists in the states within the gap region and improved the quality of
angular dependence of the energy gap, but no direct evidendigting dramatically. The importance of this exercise is that,
of a nodal line has been observed in this experiment. Twdhough the nodal line is not observed, there is no contradic-
explanations for the failure to detect the nodal line may beion between our data and the existence of a nodal line if the
advanced. It is possible that the nodal line does not exist dimited angular resolution is taken into account. This proce-
all. The angular dependence of the gap we observe may kiure works well for all of our data, and a similar approach
described consistently by models with anisotropisvave  has also been successfully applied by other researchers to
components? Conversely, limits in the angular resolution of analyze angular resolved tunneling specfra.
the tunneling experiment may prohibit the resolution of the Another distinction between theories of the highpair-
nodal line. These limits have their origin in the fact thating mechanism is the orientation of the gap function. This is
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a question which the present result could help to answer. 30
Although many of the models which predict gap anisotropy N arves
are ambivalent to the orientation of the gap function with
respect to the crystallographic axes, some models do predict I \
a specific orientation. For example, Pinetsal® have pro-
posed an interaction between planar quasiparticles induced I
by the exchange of antiferromagnetic paramagnons, and ‘\j
have demonstrated that this model leads uniquely to a super- I A=39meV
conducting state witkd(x?—y?) symmetry. This form for the 0
gap symmetry would identify the Cu®ond direction with
the gap maximum. It should be pointed out, however, that the 30
dispersion relation obeyed by the planar quasiparticles was b)
determined by angular-resolved photoemisgidaRPES ex- |
periments, and that the spectrum of spin fluctuations was
taken from fits to NMR experimenf§.Conversely, Miyake
et al*” have calculated the interaction for spin-singlet Coo-
per pairs and conclude that the interaction is attractive for the I \
d(xy) symmetry, but repulsive for both extendsdand i V A=40meV
d(x?—y?) symmetries. Thed(xy) symmetry would place ol o Vo
the gap minimum along the Cu,®ond direction. Depend- -250 0 250
ing on the filling of the Fermi surface, Anderson’s aniso- Bias Voltage (mV)
tropic s-wave model, in which the underlying mechanism is
an interlayer tunneling ph_er)omenon, could also identify the FIG. 11. Conductance curves taken fréah HIN tunneling and
Cu-G, bqnd as the gap minimur. (b) HIH tunneling. The measured gap values are approximately the
One important difference between the results of thesymemote that the bias voltage scales are differeBoth curves
present experiment and those of recent ARPES experimen{gsre taken along the Qgap maximunh direction.
involves this orientation of the gap function. The present
experiment identifies the Cu-®ond direction as the energy (HIH) tunneling using a similar junction structure. In particu-
gap minimum, while the photoemission results identify it aslar, we will show the consistency in the data taken from the
the gap maximum. In other words, the photoemission gapwo different techniques, and provide additional evidence of
anisotropy pattern is rotated by 45° from our results. Whilethe measured gap anisotropy. As in the HIN experiments,
agreement on the direction of the maximyor minimum)  x-ray diffraction was used to determine the crystallographic
energy gap from independent photoemission groups has beemes within the sample, and the sample was dissected to
demonstrated?~** our results have also been reproduced byexpose an edge with either the 45° or 0° direction perpen-
other researchef$. Furthermore, Tanakat al. have ex- dicular on both halvegsee Fig. 3 The samples were then
tended tunneling measurements to the materials,€B#,;  immediately transferred to the STM. For simplicity of analy-
and Lg_,Sr,CuQ, (x=0.10 and 0.1pand obtained similar sis in these HIH experiments, measurements were made only
results with the minimum gap along the Cu-O bondat a single angle for each sample and hence the tunneling
direction®? Hence, it seems certain that there is a systematiangles at both sides are the same. In Fig. 11 we compare two
difference between tunneling and photoemission measureonductance curves taken at 0° using HIN and HIH tunnel-
ments. Uedaet al*® has proposed the possibility that the ing. As we have reported befotethe semiconductor model
current measured by tunneling is actually 45° off from thecommonly used for HIN tunneling can also be applied to
normal to the surface by considering the shape of the eleddIH tunneling. According to this model, the peak-to peak
tron wave function of the surface oxygen. They argue thaseparation in HIH datéA) should be twice that of HIN data
the tunneling probability depends on the orientation of the2A), and the data shown in Fig. 11 conform well to this
oxygen orbitals. For example, when a measurement is takegxpectation. Although the HIH and HIN curves are consis-
along the minimum gap direction, the orbitals can be 45° offtent in peak positions, it is clear that there are also some
the surface and the tunneling electrons would be more likelstriking differences in the shapes of these curves. The con-
to come from the maximum gap direction. Miyakeal,**  ductance peaks are much sharper and more pronounced in
on the other hand, has recently made a similar comment otine HIH data, as is to be expected from the simplest models
photoemission results. He contends that the photoemissiasf superconducting tunnel junctions. There is also an inter-
intensity is actually weaker when the energy gap is maxiesting dip feature, reported previously by other researcfiers,
mum because the coherence factor is smatl@t-2A for a  which is obscured in the HIN data but can be clearly seen in
type-1l process. None of these authors demonstrate how thie typical HIH spectrum. Explanations for this feature have
angular change of photoemission intensity or tunneling curbeen proposed in theoretical mod&$’ We observe this dip
rent strength will affect the peak position observed and thdeature clearly in both the maximum and minimum gap di-
gap value measured. It is therefore important that more careections, in contrast to some earlier photoemission repbrts.
ful analysis and further experiments be pursued to resolvén the experiment above, the majority of the tunneling spec-
the difference. tra showed this dip feature clearly, and it appeared with equal
In order to demonstrate the validity of our HIN tunneling frequency in the 0° and 45° directions.
data, we have also performed in-planéZ2i12 to Bi(2212 To examine the gap anisotropy, samples with edges cut in
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FIG. 12. Conductance curves from HIH tunneling along the di-
rections(a) 45°, and(b) 0°. The gap measurements are consisten
with those from HIN data in magnitude and angular dependence.
with HIN tunneling, the zero bias offset is larger in the small gap
direction.

different directions were used. Figure 12 shows two typical

P

HIH tunneling conductance curves from these measur
ments, taken along the expected minimum and maximu
gap directions. The measured gap values at 0° and 45° are
meV and 23 meV, respectively. This is in complete agree
ment with results from the HIN measurements, although i
should be pointed out that there is a spread in measured g
values in the HIH tunneling data, as in the HIN case. Thi
can be seen in Fig. 13, which provides a plot of all of th
energy gap values taken from HIH tunneling in the two dif-

rﬁﬁgns, and more importantly, it is significantly smaller than

t
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FIG. 13. A plot showing all measured gap values from HIH
junctions. The gap anisotropy pattern is the same as from HIN
junctions, but the uncertainty is not improved.

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-O
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 to high-T tunneling. It is

Atnot clear why there is a 45° difference between tunneling and

ﬁhotoemission 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-
airing effects and other experimental factors. This uncer-
tainty is approximately the same along all tunneling direc-

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

e gap, however we cannot ignore the possibility of a nodal

éine due to limitations in angular resolution.
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