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Superconducting-gap anisotropy in YBa2Cu3O72d : Photoemission results on untwinned crystals
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Polarization-dependent angle-resolved photoemission studies of untwinned single crystals of YBa2Cu3O6.95

~Y123! reveal modifications of the near-Fermi-edge spectral weight which are indicative of an anisotropic
superconducting gap. The measured magnitude of the leading edge shift increases monotonically from the
G2S line toward the zone boundary, reaching a maximum value of approximately 25 meV, similar to the
behavior seen in Bi2Sr2CaCu2O81d ~Bi2212!. Within experimental uncertainty, we find variation which is
consistent with that expected for adx22y2 order parameter, providing additional evidence in support of the
d-wave pairing hypothesis.@S0163-1829~97!10205-3#
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Determination of the symmetry of the superconduct
order parameter in the cuprates is believed to be a ke
understanding the underlying mechanism of superconduc
ity. Observation of a highly anisotropic gap in photoemiss
from Bi2212 has fueled much recent discussion on this to
generally centered on the question ofd-wave vs anisotropic,
or extended,s-wave symmetries.1–4 Symmetries of the
former type arise from theories which emphasize
strongly correlated nature of the Cu-O planes, such as
Hubbard andt-J models or from antiferromagnetic fluctua
tions, while the latter can arise from modifications of co
ventional BCS theory.5–8 Recently several elegant exper
ments on Y123 have provided strong evidence for a ph
change under 90° rotation, consistent with thed-wave
hypothesis.9 Angle-resolved photoemission, although on
sensitive to the magnitude of the order parameter, is ne
theless able to place strong upper bounds on the maxim
gap magnitude at the node line, and has the unique capab
of directly measuring thek dependence of this quantity. Un
fortunately, previous attempts to measure the gap in ma
als other than Bi2212 have failed. In particular, a gap
never been reproducibly observed by photoemission in Y
This absence is particularly puzzling in light of numero
results obtained with other experimental techniques, and
been attributed to generic ‘‘surface effects.’’

In this report we present results from an extensive st
of untwinned single crystals of Y123. We observe shifts
the photoemission spectra consistent with the presence o
anisotropic superconducting gap with magnitude andk de-
pendence in good agreement with observations on Bi22
550163-1829/97/55~5!/2796~4!/$10.00
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We discuss the significance of this finding within the conte
of the current debate on order-parameter symmetry,
compare our results with the predictions of a simp
d-wave model.

Data in this paper were acquired on four separate clea
of extremely high-quality untwinned single crystals of Y12
~typical transition widths,0.25 K!. Plane polarized syn-
chrotron radiation ofhn528 eV was provided by the undu
lator beamline V at SSRL. Photoemission spectra were m
sured using a goniometer-mounted hemispherical analyze
50 mm mean radius, providing a combined instrumental
ergy resolution~monochromator and analyzer! of '50 meV,
somewhat poorer than previous studies on Bi2212 due to
higher photon energy, and an angular resolution of61°. All
samples were cleaved parallel to thea-b plane and kept at or
below 20 K in order to prevent the surface degradat
which is observed in this material for temperatures abo
'50 K.10,11 Chamber base pressure was better th
5310211 torr at all times during data acquisition. Sampl
were orientedex situusing Laue diffraction with an accurac
of '61°, and mounted with theb axis at a 45° angle to the
photon polarization. The combination of high photon flu
and excellent vacuum enabled us to acquire spectra thro
out the entire Brillouin zone in three distinct orientation
which provided the insight necessary for a more compl
understanding of this complex system. Most of these res
will be presented separately;11 here we focus specifically on
those aspects relevant to the superconducting gap.

In Fig. 1 we present photoemission spectra from sam
X III taken along six distinct cuts through the two
2796 © 1997 The American Physical Society
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FIG. 1. Photoemission spectr
along various cuts through th
Brillouin zone, clearly revealing a
Fermi-surface crossing. The lowe
portion schematically illustrates
the points ink space correspond
ing to each spectrum. A possibl
second Fermi-surface sheet is in
dicated by the hatched line.
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dimensional~2D! Brillouin zone ~BZ!, normalized to the
weight aboveEf arising from higher-order photons. Eac
panel clearly reveals a Fermi surface~FS! crossing, with a
schematic representation of the points in the BZ correspo
ing to the spectra shown beneath. A crossing is identified
an abrupt loss of intensity in the quasiparticle feature a
moves aboveEf . The importance of accurately determinin
the precisek-space location of the crossing has been ext
sively discussed in the context of gap studies on Bi2212

We identify the crossing using two criteria:~i! the point
where the integrated intensity in the quasiparticle is redu
by half, and~ii ! the point where the midpoint of the leadin
edge nearEf reaches the farthest forward~i.e., the lowest
binding energy!.

Figure 2 compares the leading-edge regions of spe
taken at the FS crossing points; only four of the six crossi
are shown for reasons of clarity. The Fermi-edge spect
from our Au reference sample is indicated by the thick lin
A monotonic shift of the leading edge is seen as we m
along the FS fromG2S towardX2S, with the clear appear
ance of a gap in the spectra nearX. While this behavior is
similar to the gap phenomena seen in Bi2212, there a
number of important differences. In particular, we fail
observe the sharp peak which appears prominently neaM̄
~equivalent toX in Y123! in the superconducting state. Als
spectra alongG2S exhibit qualitatively different crossing
behavior when compared with those alongX2S, with the
former showing a pronounced sharpening, while the la
diminish in intensity without significant changes in the lin
shape. Finally the leading edges of the spectra neares
G2S line appear to lie significantly above the Fermi level
determined by our reference sample. This effect is also s
in Bi2212, but it is markedly more pronounced in our Y12
data. We believe that these observations are closely rela
and may be understood by considering the interplay betw
the underlying spectral function and the finite instrume
resolution.
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Our inability to compare spectra above and belowTc in
Y123 makes careful analysis of line shapes crucial. Sim
numerical simulations of photoemission spectra can prov
insight into the behavior seen in Fig. 2, the details of wh
are presented in a forthcoming publication.11 Relying on the
spectral function interpretation of the photoemission proce
we can model a quasiparticle dispersing throughEf with a
simple Lorentzian peak, cut by a Fermi function and co
volved with a Gaussian corresponding to the experime

FIG. 2. The nearEf region of spectra at the Fermi surface cros
ing are superimposed, revealing the presence of a monotonic
of the leading edge to higher binding energies from theG2S cross-
ing to theX2S crossing. A reference spectrum for a Au sample
shown by a thick line for comparison. Spectra are normalized
purposes of visualization.
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FIG. 3. Measured shifts~meV!
in the leading edges of the photo
emission spectra for four sample
taken at crossings along the Ferm
surface, plotted relative to the
quantity ucoskx2coskyu/2. Samples
X III, X VII, and X III 2 exhibit
strong linear correlations, consis
tent with an order parameter hav
ing dx22y2 symmetry. The ex-
tended region of zero shift in
sample X V may be indicative of
‘‘dirty’’ d-wave behavior, as dis-
cussed in the text.
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energy resolution. In order for a spectrum to exhibit a la
shift of the leading edge aboveEf , it is necessary for the
underlying quasiparticle to be narrow and lie near the Fe
level, in which case the instrumental broadening will lead
a forward shift on the order of the Gaussian standard de
tion. From the figure, we see a shift of approximately
meV, which is of the magnitude expected given our expe
mental resolution. This implies that the peak at theG2S
crossing must have a small or zero gap. It is also importan
note that the appearance of a gap in our photoemission s
tra, as indicated by a shift of the leading edge below
Fermi level of the Au reference, cannot be explained with
invoking a real gap.

Very little is known about the intrinsic form of the spe
tral function in these materials, making quantitative analy
of the photoemission spectra difficult. Rather than subj
tively identifying the leading-edge shift by visually dete
mining the midpoint, we have chosen a simple fitting pro
dure to ensure consistency between different samples
regions ofk space. We do not ascribe any physical sign
cance to this procedure; it is simply a means of quantitativ
estimating the leading-edge shift; we find that it also p
vides values for the shift which are generally in good agr
ment with the traditional, subjective method.

The absence of a sharp peak at theX2S crossing is a
source of concern, particularly since it is such a promin
feature in the superconducting state of Bi2212. However,
presence of a gap of unknown origin in the excitation sp
trum is clearly indicated by the data, and has been rep
duced on four separate samples. Unlike Bi2212 in which
bands near (p,0) are quite flat and remain near the Fer
level over an extended region ofk space, we observe signifi
cant dispersion ('0.5 eV! near the Fermi-surface crossin
alongX2S, although an additional flatter band may also
seen near theX point. This large dispersion, in conjunctio
with decreased momentum resolution at the higher pho
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energies used on Y123, can lead to broadening of the s
tra. We can make a simple quantitative estimate of the m
mentum related broadening by comparing our angular re
lution of approximately 10% of theG2X distance with the
observed dispersion to find a total contribution of'150
meV, significantly larger than the experimental energy re
lution. In addition, we have found some evidence to subst
tiate the local-density approximation prediction of two d
tinct plane derived Fermi-surface sheets. The presenc
such a bifurcation could lead to a strong overlap of two q
siparticle features in the photoemission spectra, obscu
any sharp features. With these caveats in mind, we bel
that it is most reasonable to attribute the leading-edge sh
in our data to modifications due to the presence of a su
conducting gap. This interpretation leads to a self-consis
picture which agrees with photoemission measurement
the superconducting gap on Bi2212 and with other exp
mental results on Y123. In this picture, the shifts of t
leading-edge along the Fermi surface will reflect, to first
der, relative variation in the magnitude of the supercondu
ing gap at different points along the FS.

We present the measured leading edge shifts, as d
mined by our fitting procedure, in Fig. 3 and Table I. Due
our experimental uncertainty in determining the absol
magnitude of the gap alongG2S, we measure all shifts rela
tive to the position of the leading edge at this crossing. T
error bars in the figure represent the uncertainty in deter
nation of the shift due to line shape issues discussed ab
errors due to uncertainty in the fitting parameters or in
referenceEf position are substantially smaller. Comparis
of the relative shift with the characteristick-space depen-
dence of ad-wave order parameter,ucoskx2coskyu/2, reveals
clear linear dependence for three of the four samples~X III,
X VII, and X III 2 !, while the data from sample X V shows
an extended node region, with the gap rapidly growing o
near the zone boundary. This behavior may be representa
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of a ‘‘dirty’’ d-wave material, and is consistent with o
observations that the quasiparticle feature was substant
less distinct and the cleave visually inferior to those in ot
samples. Extrapolation of the linear region to the zo
boundary provides values for 2D0 /kT in the range of 5.4–
7.6. Recent microwave penetration depth measurement
similar samples have revealed critical behavior belonging
the 3DXY universality class, which implies a single, com
plex superconducting order parameter such as pures- or
d-wave,12 while strong evidence for a change of phase
crossing the (0,0)2(p,p) line has been found in Y123 in
both Josephson tunnelling and scanning superconduc
quantum interference device magnetometer measureme9

In conjunction with these experiments it is difficult to inte
pret our data as being consistent with a non-d-wave order-
parameter symmetry.

The failure of previous studies to observe a supercond
ing gap in Y123~see Ref. 13 for a review of earlier work!,
despite six years of effort, requires some explanation. T
critical elements of our experiment differ from these
tempts, enabling us to observe the presence of leading-
shifts. First, we useuntwinnedsamples, in which the Cu-O
chain axes are uniformly oriented. Because twinning mi
the normally inequivalentX andY points, significant mixing
of the spectral function occurs throughout the Brillouin zon

TABLE I. Superconducting gap: leading edge shifts relative
G2S crossing.

ucoskx2coskyu D ~meV!: X III X V X VII X III 2

0.81 26 21 16 23
0.76 21 10 21 22
0.62 19 5 10 16
0.42 16 2 9 10
0.20 8 0 5 6
0.11 2
0.00 0 0 0 0

2D0 /kTc 7.6 5.4 7.0
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Second, we consider the photoemission spectra in three
tinct sample orientations relative to the plane of photon
larization, which enables us to identify a previously unse
dispersive feature which is strongly enhanced in only o
geometry. Also, the large dispersion of this band ma
sample alignment critical, unlike the case of Bi2212. It
also important to note that, as in previous studies, we do
observe gaplike shifts in the leading edges of spectra ta
near theX/Y points; our measurements correspond to
innermost Fermi-surface sheet centered on theS point. This
absence of a gap remains a puzzle, perhaps related to
strong hybridization of chain and antibonding plane state
conjunction with electronic structure effects from the cha
terminated surface.

To summarize, we observe the presence of leading-e
shifts in photoemission spectra of untwinned Y123 which
consistent with the presence of a highly anisotropic sup
conducting gap. We are unable to conclusively assoc
these with the onset of the superconducting transition du
the surface instability of this material aboveTc , but believe
that our interpretation is the simplest self-consistent expla
tion. We also find that theirk dependence exhibits the ex
pected behavior for a pured-wave order parameter, althoug
we are unable to exclude the possibility of symmetries s
asd1 id or highly anisotropics wave with a gap magnitude
mimicking the d-wave form. These results underscore t
complexity of this system, and we hope that they will stim
late further interest in gap measurements on Y123.
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