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The near-EF electronic structure and Fermi surface of Bi2Sr2CaCu208+~ have been mapped out with
angle-resolved photoemission. Key features of the measured band structure are (1) an extended region
of Aat Cu02 derived bands very near EF and (2) a strong propensity for Fermi surface nesting. Com-
parative analysis of these data with those from other cuprate superconductors suggests that these
features may be responsible for many of the anomalous physical properties of the p-type cuprates, while
the absence of these features may be related to the more "normal" physical properties of the n types.

PACS numbers: 71.20.Cf, 74.72.Hs, 79.60.Bm

A microscopic theory of high-temperature supercon-
ductivity requires an understanding of the electronic
structure near the Fermi level. Many of the unusual
physical properties including the anomalously high T,
have often been attributed to particular characteristics of
the low energy excitations determined by the electronic
structure. However, despite the large body of existing
transport and spectroscopic data, experiment has not yet
isolated the key elements of the electronic structure
necessary for a global understanding of the physical prop-
erties of the cuprates. Through a thorough angle-
resolved photoemission study of high quality single crys-
tals of the Bi2SrzCaCu20s+s (Bi 2212) compound, the
only cuprate superconductor known to have a surface
representative of the bulk [1], we have found features in

the electronic structure that may prove very important
for understanding many of the anomalous physical prop-
erties of the cuprate superconductor.

The most striking aspect of the experimental data is a
set of very flat bands close to EF in an extended k-space
region centered around the M point. The presence of
these flat bands at EF in the p-type cuprates Bi 2212,
Bi2SrzCu06 (Bi 2201), and YBa2Cu30~ (YBCO) and
the absence of these flat bands at EF in the n-type cu-
prate Nd2 —„Ce„Cu04 (NCCO) appear to be correlated
to the very diAerent physical properties observed in these
two classes of materials. This suggests that the flat bands
at EF may be a key to understanding many of the unusu-
al physical properties observed in the p-type cuprates.
Some very strong renormalizations or more exotic
theories [2] are needed to account for these liat bands, as
their presence near EF in such an extended k-space re-
gion cannot be accounted for by the local-density approx-
imation (LDA) band theory calculations. In addition to
the flat bands at EF, we present the most detailed experi-
mental Fermi surface (FS) information of a high-T,
compound. The most noteworthy aspect of the measured
FS is the very strong tendency for nesting, a fact which
also may be important for understanding many of the
unusual physical properties of Bi 2212 and related com-

pounds. In particular, a nesting vector Q near (tr, tr) ex-
ists in Bi 2212 but is absent in NCCO; this may be relat-
ed to the momentum dependence of the dynamical sus-
ceptibility and of the order parameter in Bi 2212 [3].

A single crystal [4] of Bi 2212 with a Meissner T, of
85 K and transition width of 1 K was transferred into our
experimental chamber without baking, and cleaved in
situ in a vacuum of 1X10 ' torr. Linearly polarized
photons of energy 20.5 eV were provided by the SSRL
undulator beam line 5, with the ejected photoelectrons
collected and energy analyzed by a Vacuum Science
Workshops HA50 system modified for multichannel
detection. The combined (electron and photon) energy
resolution of the experimental system was approximately
45 meV (higher resolution was available, but was
sacrificed in order to obtain counting rates sufticient to
take the great number of spectra necessary for the experi-
ment), and the angular resolution of the electron spec-
trometer was + 1'. For the measurements reported here,
the sample was held at a temperature of 100 K, comfort-
ably above the 85 K T, . Even though the measurements
took an entire week to complete, no damaging aging
eA'ects such as the —9 eV "dirt" peak or a loss of Fermi
level intensity were ever detected, confirming the excel-
lent stability of the cleaved Bi 2212 surface [5]. The re-
sults presented here have been qualitatively reproduced
on a large number of similar crystals.

Figure 1(a) shows a set of normalized [6] near EF-
spectra taken along the I -X high symmetry direction,
with the exact k-space location of each spectrum within
the cut as indicated in Fig. 2(a). For our purposes, we

can think of the spectra as being made up of two parts: a
dispersive feature (quasiparticle peak) with peak loca-
tions marked by the triangles, and a k-independent
"background" extending up to EF which the quasiparticle
peak rides upon [7]. As the lifetime of the state is a func-
tion of its energy, the peak narrows and grows in height
as it approaches EF. With continued dispersion, the peak
reaches and finally crosses EF, rapidly decreasing in in-
tensity in the process. At the emission angle of 0/4
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FIG. 1. Near-EF normal state (T=100 K) ARPES data
from a T, =85 K Bi 2212 crystal. 0/P is the emission angle in

degrees relative to the sample normal. The arrows in the insets
show the general direction of each cut within the Brillouin zone.
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=10'/10', the peak has approximately half its maximum
strength above the background and the Fermi energy lies
near the midpoint of the leading edge. This indicates that
this is the location of the FS crossing. This crossing is in-
dicated in Fig. 2(a) by the dark shading of the circle at
IO/IO.

Three other representative cuts through the Brillouin
zone are shown in panels (b) through (d) of Fig. 1. The
cut of panel (b), taken along the I -M zone diagonal,
shows a peak dispersing towards and then skimming very
near FF for emission angles beyond 8//=15/0. Since the
peak does not show a strong intensity modulation as it
remains near EF, we cannot distinguish a FS crossing.
All we can infer is that a band is very near EF (probably
within ~30-50 meV) throughout this region. This is in-
dicated in Fig. 2(a) by the diagonally striped circles. The
cut of Fig. 1(c) shows the behavior of these states as we
move from near M towards X. The near-EF peak at 20/0
remains essentially unchanged until near 20/8, where the
intensity begins to dramatically decrease, signaling a FS
crossing. As we can see from Fig. 2(a), there is a peak
near EF for a very large portion of the Brillouin zone.

Figure 1(d) shows a cut along I -M taken by varying
the p emission angle. Surprisingly, this cut shows a clear
FS crossing, even though panel (b) (taken along a crys-
tallographically equivalent direction) did not show the
crossing. To determine the cause of this, we rotated the
sample by 90' (leaving the direction of polarization of
the incident light fixed) and retook some of the cuts. A
comparison with the unrotated spectra indicated that the
lack of symmetry is due to matrix element diA'erences as-
sociated with the photon polarization direction relative to
the electron emission direction, and not a result of any
broken symmetry of the crystal itself. These polarization
eAects proved to be an especially valuable tool in the
deconvolution of the band structure [8]. More details of
the polarization eff'ects, as well as the complete set of

FIG. 2. (a) A summary of all the cuts taken. Each measure-
ment is denoted by a circle, with the size of the circle denoting
the k resolution of the experiment. Filled circles correspond to
Fermi-surface crossings and striped circles to locations where
the band energy is indistinguishable from EF. (b) The experi-
mental Fermi surface obtained by reflecting the crossing points
(dark circles) of (a) around the high symmetry directions. A
nesting vector Q near (ir, z) is shown.

data that went into Fig. 2(a), will be presented in an up-
coming publication.

Figure 2(b) shows the experimentally determined FS
obtained by rellecting the crossing points of 2(a) around
the high symmetry axes. We observed two strongly nest-
ed pieces of FS—one centered around the X(Y) point
and one centered around the I point (and presumably
also around the Z point). This very strong nesting may
be important for understanding the quasiparticle scatter-
ing in these materials [3] as well as the unusual tempera-
ture variations of the Hall coefficient and Hall angle in Bi
2212 and YBCO that have been explained in terms of an
anisotropic damping that is a function of the curvature of
the FS [9]. In addition, the fact that there is a nesting
vector Q near (n, ir) may help explain why the measured
dynamical susceptibility g(q, ro) is so strongly peaked
near the wave vector (x, ir) [3]. We also note that a sus-
ceptibility with this wave vector dependence favors a
d 2 y 2 pairing channel, a result consistent with the gap
anisotropy found by us on the same compound [10] and
with theories of superconductivity based upon antiferro-
magnetic spin ffuctuations [1 1].

The experimental E vs k relationship along the high
symmetry directions is shown in Fig. 3. The circles repre-
sent the experimental data points, while the lines repre-
sent our best interpretation of the dispersion relation-
ships. Because we observe two distinct pieces of FS in
Fig. 2, we show two bands, one each from the even and
odd combinations of the two Cu02 planes per unit cell.
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FIG. 3. Experimental E vs k relationship along various high
symmetry directions (points). The lines illustrate a simple
scenario compatible with the data.

One of these bands crosses EF between I and M and one
crosses between M and X(Y), as in Fig. 2. The bands are
in general nondegenerate, except along I -X(Y) where
the splitting appears to be small or zero, in agreement
with the predictions of LDA calculations [12]. The fact
that we have not definitively observed these two separate
bands in any one spectrum is, we feel, principally due to
the strong selection rules as a function of polarization as
well as the rapid broadening and weakening of the quasi-
particle peaks as a function of energy. We note that the
above interpretation of the data is not unique; Anderson
has proposed an explanation of the data that does not re-
quire intracellular coupling but instead relies on both real
and "ghost" pieces of FS. In this theory, the ghost FS's
exist due to the proposed composite nature of the elec-
tronic excitations in two dimensions, and explain the
large k-space region of quasiparticle weight at EF [2].

The band structure and FS of Bi 2212 have been calcu-
lated by a number of groups using the local-density band
theory approximation. The calculations in general show
two large nearly degenerate pieces of CuOz FS centered
around the X(Y) points, as well as a small piece of FS
with strong BiO character. These calculations do not
agree well with the experimental data. Massida et al.
have done an additional calculation in which the interac-
tion between the BiO states and the Cu02 states has been
artificially ignored, and find two pieces of Cu02 FS which
are very similar to the measured FS of Fig. 2(b) [12].
This implies that the electronic states near EF are mainly
Cu02 derived, and the BiO bands remain entirely above
EF for all k. This scenario is consistent with that from
tunneling experiments, which have found the Bi-0 plane
to be nonmetallic [13]. Of course, a slight amount of
BiO-CuO hybridization is still expected [14]. Possible
explanations as to why the band calculation incorrectly
predicted the BiO potential are the nonstoichiometry of
the compound and the superstructure in the BiO planes.

The experimental electronic structure near EF (and
thus the low energy quasiparticle excitation spectra)
diverges even more from the band theory than does the
FS. The most striking aspect of the data of Fig. 3 is the
presence of the flat bands in a very significant portion of
the Brillouin zone that cannot be explained by either of
the band theory scenarios. The experiment reveals two
bands within 30-50 meV of EF around the M point. The

calculation which ignores the BiO-Cu02 interaction
shows what appears to be these same two bands, yet they
show much greater dispersion near the M point and a
much greater energy splitting. These differences may im-

ply that the correlation effects which are responsible for
the renormalization are much greater near M than along
I -X(Y) where a mass enhancement (relevant to the
LDA result) of a factor of 2 is observed [15]. In fact, it
has been suggested that the correlations are so strong that
the concept of a quasiparticle may no longer be relevant,
and the fiat bands at EF in such an extended k-space re-
gion are a signature of non-Fermi-liquid behavior in a
confined Cu02 plane [2].

Regardless of the origin of these flat bands, the key
point is that they are found very near EF for all of the p-
type cuprates successfully measured to date (Bi 2212,
Bi 2201, Y 123, and Y 124) [16] and significantly below
(—300 meV) EF for the n-type cuprates measured to
data (NCCO) [17]. The fiat bands would thus be expect-
ed to play a significant role in the physical properties
(transport, superconductivity, etc. ) of the p-type cuprates
but not in the physical properties of the n types. In the
rest of the paper we will make connections between the
spectroscopic evidence of the flat bands and other physi-
cal properties of the cuprates, with particular attention
paid to those properties which are found to be different in
the n- and p-type cuprates. Although we also expect the
highly nested nature of the FS of Bi 2212 to be impor-
tant, the lack of a nesting feature near (tr, tr) in the mea-
sured FS of YBCO compels us to concentrate primarily
on the flat bands. Much of this discussion assumes we
can borrow the quasiparticle concept. It should be point-
ed out, however, that due to uncertainties regarding the
photoemission line shape and background, it is still a
question whether photoemission data can be interpreted
using the quasiparticle concept as defined by Fermi-liquid
theory.

Before exploring the possible consequences of these flat
bands, we note that within the single particle approxima-
tion we can directly determine the single particle density
of states N(EF) from the dispersion relationship of the
quasiparticle peaks (we ignore the "background" for this
discussion). The striped circles of Fig. 2(a) occupy ap-
proximately 20%%uo of the Brillouin zone, and represent
bands which lie within approximately 40 meV of EF.
This gives an average N(EF) for that region of (2 states
per bandx20%)/(80 meVCu site) or 5 states/(eVCu
site). This is much greater than the LDA results of be-
tween 1 and 2 states/(eVCu site) [12], and is much closer
to Pauli susceptibility measurements performed on very
similar samples which gave an N(EF) of 7.0 states/
(eVCu site) [4] and thermodynamic measurements
(specific heat discontinuity and zero temperature critical
field) of YBCO7 which gave an N(EF) of approximately
5.8 states/(eVCu site) [18]. In contrast to this, we have
low carrier concentrations inferred from the high resis-
tivities, the Hall effect data, and chemical arguments.
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Many of the discrepancies can be accounted for by the
fact that the Aat bands will have low electron mobilities,
and so will not contribute significantly to the resistivity or
Hall effect data. (Note that the two pieces of FS will

also cause a cancellation of the Hall coe%cient, and the
temperature dependence may be related to the curvature
of the FS orbits [9]).

Some examples of anomalous properties of the p-type
cuprates are the T„which is significantly higher in the p
types than in the n types, and the temperature depen-
dence of the resistivity, which is linear over a very wide
temperature range in optimally doped p types [191, but
which is quadratic for NCCO [20]. The possibility that
these and other anomalous properties may be related to
Aat bands at EF and has been theoretically discussed in

the literature, primarily within the context of a van Hove
singularity in the density of states [18,21]. Finally, there
is the issue of the symmetry of the superconducting order
parameter. There is mounting evidence from NMR [22],
ARPES [10], penetration depth [23], tunneling spectros-
copy [24], infrared transmission [24], and the phase
coherence of YBCO-Pb dc SQUIDS [25] that the gap in

the p-type cuprates is strongly anisotropic and possibly
even d wave. On the other hand, penetration depth mea-
surements indicate an isotropic s-wave gap in the n-type
superconductor NCCO [26]. It has been suggested that
the n types should have a gap of similar symmetry to that
found in the p types, and that the penetration depth mea-
surements on NCCO can be understood in terms of poor
sample quality [27]. The present data, in conjunction
with recent experimental data on NCCO [17],clearly in-

dicate that the electronic structure of the p- and n-type
cuprates is very diAerent. We suggest that this may be
responsible for the possible difterences in gap symmetry.
Some theoretical work by Dickinson and Doniach sup-
ports this proposition [28]. They showed that a d-wave

gap may be stabilized by a k-space anisotropy in the con-
tribution to 1V(EF), with a larger gap in the region of
high state density due to the energy gain from gapping
many states. This is precisely what has been observed in
our ARPES measurements of the SC state of Bi 2212—A(k) is maximum near M and minimum near the
crossing along I -X(Y) [10]. In NCCO, a strongly aniso-
tropic or d-wave gap may not be favored since the Aat
bands are well below EF.
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