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Gap anisotropy in Bi,Sr,CaCu,0g, 5 by ultrahigh-resolution angle-resolved photoemission
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Ultrahigh-resolution (AE up to 10 meV) angle-resolved photoemission spectroscopy on single crystals of
Bi,Sr,CaCu,0g3. 5 (Bi-2212) show a highly anisotropic superconducting energy gap: the gap is minimized,
with a value close to zero, along the I'-X and I'-Y symmetry directions, while a large gap (A=22 meV) is
observed along the I'-M (Cu-O bond) direction. However, the observation of gap anisotropy may depend on
sample conditions; in a few cases the gap becomes more isotropic. A dip in the spectral weight at 65 meV
below the Fermi energy is clearly observed only in samples with an anisotropic gap.

The discovery of high-temperature superconductors with
many unusual properties has simulated various theoretical
proposals for the high-7. mechanism. The symmetry of the
superconducting energy gap within the Cu-O plane has be-
come one of key issues in understanding the superconducting
mechanism. In the BCS theory with an isotropic interaction
V, essentially isotropic phonons lead to an isotropic s-wave
order parameter. However, some nonphonon pairing mecha-
nisms, including the antiferromagnetic-spin-fluctuations-
induced interaction,! ™ imply a d, _y2 symmetry. In addition,
an interlayer tunneling mechanism proposed by Chakravarty
et al.® exhibits an anisotropic s-wave gap. Thus, the experi-
mental determination of the symmetry of the order parameter
plays an important role constraining theoretical models. Con-
sequently, several experimental methods, such as measure-
ments of nuclear magnetic resonance, microwave penetration
depth, Josephson tunneling, Raman and neutron scattering,
etc.,® have been used in an attempt to reveal the symmetry of
the pairing order parameter. But so far, rather conflicting
results have been obtained, even using a same experimental
technique. Most techniques cannot measure the momentum
dependence of the superconducting gap. Angle-resolved pho-
toemission spectroscopy, however, has the unique capability
of directly probing the momentum dependence of the gap,
which makes it an excellent candidate to study the symmetry
of the superconducting order parameter. So far there have
been some photoemission reports on this issue. The first
report’® indicated an essentially isotropic superconducting
gap in Bi,Sr,CaCu, 04, 5 (Bi-2212). However, a more recent
study’ on this material found an anisotropic gap structure
that is different from the conventional s-wave isotropic gap.

In an attempt to clarify this issue, we conducted an angle-
resolved photoemission study, with energy resolution much
improved relative to previous studies, on Bi-2212 single
crystals. This study constitutes a reexamination of Bi-2212
samples that are comparable to samples (i.e., from the same
batch) previously investigated by Olson and co-workers.”®
Repeated angle-resolved photoemission  spectroscopy
(ARPES) measurements were made with particular attention
directed to the possible occurrence of gap anisotropy. We
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report the observation of significant gap anisotropy within
the a-b plane on most of the samples studied, confirming the
recent reports of Shen et al.” However, the detection of gap
anisotropy appears to depend on a number of factors, possi-
bly including surface smoothness, intergrowth structures,
sample crystallinity, and defects. Gap anisotropy was not ob-
served in all measurements. We believe that experimental
complications affecting measurements of gap anisotropy
would generally tend to make the gap appear more isotropic;
thus, we regard the appearance of observable gap anisotropy
as significant, and not likely to be an experimental artifact. In
our measurements, a dip in the spectral weight at 65 meV
(~3A) below the Fermi energy is clearly observed only in
samples with an anisotropic gap.!®!! (Note that the dip fea-
ture, like gap anisotropy, was not observed in all reported
Bi-2212 measurements; both features are sample dependent.
The measurements by Olson and co-workers”® did not show
gap anisotropy nor the presence of a dip in the spectral func-
tion.) However, we do not find a clear correlation between
these spectral characteristics (gap anisotropy, spectral func-
tion dip) and the widths of the superconducting transition
temperature. This may be because transition widths are de-
termined by composition inhomogeneities throughout the
bulk whereas ARPES is obtained from a very thin, near sur-
face region that might have a more homogeneous composi-
tion and sharper superconducting transition.

Single crystals of Bi-2212 were fabricated at Argonne Na-
tional Laboratory. As-grown samples were then extensively
annealed in an 8% atmosphere oxygen. The samples typi-
cally have 85-K superconducting transition onsets and tran-
sition widths 1-7 K. ARPES measurements were carried out
at the Synchrotron Radiation Center in Stoughton, Wisconsin
using the Four Meter Normal Incidence Monochromator. The
total-energy resolution (photons and electrons) ranged from
10 to 15 meV as determined by the 10—90 % transition width
of a Pt Fermi edge at 13 K. The analyzer angle resolution is
2° (total acceptance angle). Crystal orientation was deter-
mined first by Laue backscattering prior to mounting in the
vacuum chamber. The crystals were cleaved in situ in a
vacuum of 4X107!! Torr at 13 K. After cleaving, the
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FIG. 1. EDC’s for superconducting and normal states from
sample A taken with 19 eV photon energy at Fermi-surface crossing
points along T-M and T'-X directions. The positions of measure-
ment points in the Brillouin zone are shown in the inset. Note that
the corresponding Pt EDC’s are also shown in the figure for a better
comparison.

sample alignment was further checked by monitoring the
symmetry of the ARPES spectra. The Fermi energy was de-
termined by measuring a clean Pt foil electrically connected
to the samples. The photon and instrument energy stability
was periodically monitored by repeated measurement of the
Pt Fermi edge reference during the experiment. The uncer-
tainty of the Fermi energy is less than 2 meV. The spectra
were normalized to the synchrotron beam current.

Figure 1 shows energy distribution curves (EDC’s) ob-
tained at a photon energy of 19 eV from a sample coded A,
whose b axis is parallel to the polarization plane of the pho-
tons. The solid and dotted lines are spectra taken at 13 K and
90 K, respectively. At 90 K, which is comfortably above the
T., all valence band features show a metallic Fermi edge
which is aligned with that from the Pt reference. As tempera-
ture was reduced to 13 K, which is well below T, the spec-
tra taken along the I'-M (Cu-O bond) direction shows sig-
nificant changes due to superconductivity: the leading edge
is pulled back to higher binding energy, and a large conden-
sation peak appears at approximately 35 meV. However,
along the I'-X symmetry direction, there is little change in
the spectra. Using a fitting program developed in our
laboratory'? we are able to determine the gap size to be 22
meV (2A/kgT.=6.0) along the I'-M direction. From Fig. 1,
we also notice that the dip, which recently attracted
attention,'®!! is clearly revealed in the superconducting state
spectrum near M. Its position can be accurately determined
to be 65+2 meV below the Fermi energy.
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FIG. 2. EDC’s for superconducting and normal states from
sample A taken with 22 eV photon energy. Note that the gap is zero
along the I'-Y direction as well as along the I'-X direction.

For 19 eV photon energy the intensity near the Fermi
energy is very weak along the I'-Y direction, possibly due to
final-state effects, preventing a clear determination of the
gap. However, at a photon energy of 22 eV, the intensity near
the Fermi level along I'-Y becomes much stronger. Mea-
sured EDC’s are shown in Fig. 2. These results show that, for
hv=22 eV, the gap is nearly zero (within measurement pre-
cision) along both I'-X and I'-Y while a large gap is ob-
served along I'-M.

Previous photoemission reports on gap structure along
I'-X(Y) have been controversial. Olson et al® reported an
18-meV gap opening along I'-X, and the same value near M.
Shen and co-workers!® observed a smaller, but perceptible
gap opening (6—15 meV) along I'-X in their early report.
However, in their subsequent measurengent,9 they observed a
significant gap anisotropy between I'-M and I'-Y. Shen and
co-workers did not address the size of the gap along I'-X.
Such ambiguity has not been clarified at the present time. In
our experiments, we have observed significant gap anisot-
ropy for several samples, but on occasion, an apparently
more isotropic gap was observed. One example is shown in
Fig. 3, from a sample coded B. This crystal was taken from
the same batch as sample A. The sample was mounted with
the a axis parallel to the photon beam polarization. The gaps
opening along I'-M and along I'-X are almost the same and
are very similar to the measurements along I'-M shown in
Fig. 2. Also note that there is no clearly discernible “dip” in
the spectral weight for the EDC’s shown in Fig. 3.

X-ray-diffraction and electron-diffraction x-ray fluores-
cence (EDX) measurements were conducted on these two
samples after photoemission spectra were acquired. The re-
sults showed little difference in lattice constants, crystal do-
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FIG. 3. EDC’s for superconducting and normal states from
sample B. The photon energy used is 22 eV. Unlike the case of
sample A, there is a clear gap apparently opening along the I'-X
direction which makes the gap apparently more isotropic.

main size and chemical composition for the two samples.
Moreover, when sample B was cleaved and remeasured, an
anisotropic gap similar to the one in sample A (Fig. 2) was
observed. It appears that the properties of the cleaved sample
surface have a strong influence on the gap anisotropy. The
anisotropy might be strongly affected by impurities or de-
fects on the cleaved surface.” These imperfections could re-
sult from impurities, chemical inhomogeneities, cation site
interchanges, intergrowths, oxygen inhomogeneities, or the
presence of growth domains with varying degrees of misori-
entation.

Besides the two cases mentioned above, we have occa-
sionally observed that in some samples there is a small gap
(less than 5 meV) along the I'-X direction, while the gap size
remains close to zero along the I'-Y direction. This may
result from the incommensurate modulation along the b axis
in Bi-2212 crystals. The wiggling bonds along the b axis
may effectively smear momentum resolution along the I'-Y
direction. While such a momentum averaging effect does not
affect the no-gap conclusion along the I'-Y" direction, it may
cause some admixture of states near M into the spectra mea-
sured along the I'-X direction, causing an apparent small gap
opening in the data. Such a momentum averaging effect may
be sample or cleave dependent.

The observed gap anisotropy is consistent with
d,2_y2-wave symmetry, which in turn predicts a gap anisot-
ropy A(x)=A(cosk,a—cosk,b), where A, is the maximum
value of the gap, and k,,k, are along the Cu-O planar bond

directions, which coincide with the I'-M direction in Bi-
2212. The signature of this d-wave gap are the nodes in
K-space. The observation of a negligible gap along I'-X and
I'-Y might be a manifestation of such nodes. On the other
hand, the observation of an isotropic gap in some cleaves
might indicate that impurities or defects near sample surfaces
influence the gap anisotropy. Shen et al. have observed that,
when samples are aged in situ, the gap tends to become more
isotropic.® They attribute this effect to surface scattering re-
sulting from adsorbed gases.

As recently pointed out by Norman,'* such impurity ef-
fects, if they result from enhanced scattering, can be better
explained within the framework of anisotropic s-wave pair-
ing. In d-wave pairing, impurity scattering destroys the gap
rather than rendering it isotropic, whereas in anisotropic
s-wave pairing impurities tend to drive the gap toward its
average value. However, the detailed dependence of gap an-
isotropy on impurities and defects in Bi-2212 remains un-
clear; further experiments are necessary to settle this issue.
Also, the observation that the dip at E=3A disappears in
isotropic samples is most significant. For example, Coffey
and Coffey'® propose that the dip is a consequence of an
anisotropic gap. As for the interlayer tunneling theory pro-
posed by Chakravarty et al., an anisotropic s-wave gap is
given by A(k)=A,+T;(K)/2, where A, is the isotropic
part (but not of BCS origin; a typical value of 3 meV was
given in their paper).’ Since this value is close to our mea-
surement uncertainty (about 2 meV) we cannot exclude the
possibility applicability of this anisotropic s-wave descrip-
tion. However, if we accept the presumption that those
samples which show the greatest anisotropy are most repre-
sentative of the bulk superconducting material, then we must
conclude that the minimum A, is very small, i.e., ~2 meV
or smaller.

In summary, we have observed a superconducting gap an-
isotropy in several single crystals of Bi,Sr,CaCu,0g, 5 by
ultrahigh-energy-resolution angle-resolved photoemission
spectroscopy. The gap minimum, with a value close to zero,
occurs along the I'-X and I'-Y symmetry directions, while a
large gap (A=22 meV) is observed along the I'-M (Cu-O
bond) direction. However, some samples show a nearly iso-
tropic gap, which is comparable in magnitude to the maxi-
mum gap (Cu-O bond direction) that is observed in the an-
isotropic samples. Since sample imperfections and
experimental limitations could produce apparent gap struc-
ture along I'-X(Y), we believe that the anisotropic behavior
is likely to be more characteristic of the bulk superconduct-
ing material. A dip in the spectral weight at 65 meV below
the Fermi energy is clearly observed only in samples with an
anisotropic gap. This might be an additional indicator of
sample quality.
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