VOLUME 83, NUMBER 18

PHYSICAL REVIEW LETTERS

1 NovEMBER 1999

Reexamination of the Electronic Structure of BixSr,CaCuz0g+5 and BizSr2CuyO¢4.5:
Electronlike Portions of the Fermi Surface and Depletion of Spectral Weight near M
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We present a reexamination of the electronic structure and Fermi surface (FS) topology of Bi-Sr-Ca-
Cu-O (BSCCO) as obtained from angle-resolved photoemission experiments. By applying a stricter set
of FS crossing criteria as well as by varying the incident photon energy outside the usual range, we

have found very different behavior from that previously observed.

In particular, we have found a FS

that is centered around the I' point and contains electronlike portions, and we observe a depletion of
spectral weight around M. The flat bands observed at other photon energies may indicate the presence

of two electronic components in the cuprates.

PACS numbers: 74.25.Jb, 74.72.Hs, 78.70.Dm, 79.60.Bm

Angle-resolved photoemission spectroscopy (ARPES)
has emerged as one of the most powerful tools for un-
earthing the electronic structure and physics of the high
temperature superconductors (HTSC) and other correlated
electron systems since it allows one to directly probe the
k space information of the electronic structure [1]. Ma
jor discoveries obtained from ARPES experiments on the
HTSC's (mostly BSCCO) have included the observation
of flat bands (an extended van Hove singularity or vHs) at
or very near the Fermi level [2—4], a superconducting gap
with d-wave symmetry [5,6], and an anomalous pseudo-
gap above T, [7-9]. Such advances are al predicated on
a thorough knowledge of the normal-state Fermi surface
(FS) topology of these superconductors, which has been
amost universally accepted to be a holelike pocket cen-
tered around the Brillouin zone corners [(7r, ) or X,Y
points] [3,4,6—12]. In this Letter we present new results
on BSCCO that indicate that this most fundamenta as-
sumption of the FS topology is either incorrect or at least
oversimplified.

The experiments were mostly performed at the Syn-
chrotron Radiation Center (SRC) in Wisconsin with a
few backup experiments performed at the Stanford Syn-
chrotron Radiation Laboratory (SSRL) in California [13].
Most of the Bi,Sr,CaCu,0g+5 (Bi2212) samples for this
study came from CRIEPI, with a portion coming from
ETL. We annealed these samples in a variety of oxidiz-
ing and reducing atmospheres to obtain overdoped (OD),
optimally doped, and underdoped (UD) samples. The
Bi,Sr,Cu Og+s5 (Bi2201) sample studied came from the
University of Tokyo and was slightly overdoped. TheT.'s
of all the samples presented here are listed in Ref. [14].

Figure 1(a) shows the version of Ding et al. of the
generally accepted holelike FS topology of near-optimal
Bi,Sr,CaCu,0g+5 (Bi2212), from one of the most com-
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plete and heavily referenced data sets available [10]. The
thick lines represent the FS due to the main CuO, band,
and thin lines are FS replicas due to the superstructure
modulation with a Q@ = (0.277,0.277). Support for such

» 2 e
NOT N T etz
I e Y
X %
I

A

6!
v , . j%
LI ] LI A B LI LR N ) LR SLEL] LI Lok 3k} I
Ml ‘c) X T a Id) “N/\i

— 2]

r M
lill!llllll'lll gn--l---:l-nknll AR A A “r
04 00 -04 00 -04 0.0
FIG. 1. Norma-state ARPES from Bi2212. (a),(b) One

quarter of the Brillouin zone showing (a) the FS extrapolated
by Ding et al. [10] and (b) the FS determined here. Dark
lines are the main FS pieces while the light lines represent
superstructure-derived FS replicas. (c),(d) Raw data from Ding
taken at hv = 19 eV aong directions indicated in panel (a).
(e) A portion of our new data from overdoped sample Bi024
teken a hy = 33 eV, with each k-space point listed as a
fraction (x7r) of the I'-M distance.
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a topology is displayed in Figs. 1(c) and 1(d). Here we
have energy distribution curves (EDCs) from Ding taken
a hv = 19 eV dong the high symmetry cuts I'-M and
M-X,whereT" = (0,0) and M = (7,0). From these two
panels, the authors claim there is no main band FS crossing
along I'-M but that there is one along M-X, as evidenced
by the relatively rapid loss of peak weight in this region.

Figure 1(e) presents a small portion of our new normal-
state ARPES data at 33 €V obtained from heavily OD
sample Bi-024 along the high symmetry cut I'-M-Z [Z =
(27r,0)]. Theenergy scale for these spectraisthe same as
in Ding's data of panels 1(c) and 1(d). Clear dispersion
is observed with the peak reaching Er near 0.817 (dark
curve). At this same k value, the peak rapidly loses
weight, indicating a FS crossing. The peak reappears
in the second zone and disperses back towards higher
binding energy. Although only a single cut, these data
dready indicate that there is a fundamenta difference
between our data at the new photon energy of 33 eV
and the previous data of Ding et al. Our data indicate
main-band FS crossings along I'-M-Z, while they are not
expected according to the accepted holelike FS topology.
In addition, the flat bands (extended vHs) observed near
Er around M now have been replaced at 33 eV by a
clearly dispersive band which crosses Er.

To analyze the data in more detail we have_made k-
space plots of the integrated spectral intensity n(k) aswell
astheweight right at Er, A(k, Er). Wefirst illustrate how
n(k) and A(k, Er) are expected to behave for a simple
bandlike state crossing the FS. Figure 2(a) shows the
zero-temperature n(k) and A(k Er) for a noninteracting
system. In thiscasethereisonly weight at £ = Er when
k= kF In Fig. 2(b) we introduce interactions, which
within the Fermi liquid theory framework will reduce
both the weight of the delta function peak in A(k,Er)
and the step in n(k) to the value Z (quasiparticle weight).
Finite experimental energy and momentum resolution will
broaden both curves, as illustrated in Fig. 2(c). Finaly,
polarization and matrix element effects will slowly alter
n(k), as shown in Fig. 2(d). For panel 2(d) as well asthe
real data of panels 2(e) through 2(j) it is more accurate
to write M (k)n(k) and M (k)A(k, Er) where M (k) is a k-
dependent matrix element effect, although for brevity we
will not make this distinction here. It is clear from the
above plotsthat at atrue FS crossing the following criteria
should be obeyed: (1) A(k Er) should be near maximal,
dependent somewhat upon the energy resolution and
matrix element effects, (2) n(k) should be near 50% of its
maximal value, or equivaently at the maximal gradient
point. Also, at Er we expect (3) the peak dispersion to
extrapolate to zero energy, and (4) the midpoint of the
leading edge of the spectrum to be at or even beyond (on
the unoccupied side of ) Er.

Figures 2(e)—2(j) show the n(k) and A(k Er) plots
we extracted from our new data on the BSCCO family.
To our knowledge, this is the first time that these types
of plots have been analyzed together, which turns out
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FIG. 2., (a)—(d): Schematics of the expected behavior of n(k)
and A(k, Er) for a band crossing the FS. (&) Noninteracting
system at zero temperature. (b) Interacting Fermi liquid with
a reduced quasiparticle weight Z. (c) Same as (b) but with
finite energy and momentum resolution. (d) Same as (c) but
including polarization and matrix element effects. Panels (e)—
(j) are n(k) (circles, solid line) and A(k, Er) (sguares, dashed
line) at different photon energies from BSCCO samples with
varying number of CuO, layers and doping levels (indicated
on panels). Vertical dashed lines indicate a main-band FS
crossing. Superstructure-derived crossings are labeled s.s.

to be a powerful new tool to obtain FS crossings.
To determine n(k) we integrated the ARPES spectra
weight from —500 meV to +100 meV to span the peak,
and for A(k,Er) we integrated over a 50 meV wide
window centered at Er. All plots were normalized so the
maximum weight along I'-M-Z was set to 1. According
to criteria (1) and (2), a FS crossing should occur when
n(k) loses about half of its maximum value (excluding the
background) and A(k, Er) simultaneously peaks. These
points are indicated in the figure by the vertical dashed
lines. Panel 2(e) shows n(k) and A(k Er) obtained from
the raw data of Fig. 1(e) and panel 2(f) shows data from
OD sample Bi057. As expected, criteria (1) and (2) give
identical FS crossings as obtained by studying the peak
dispersion [criteria (3) and (4)]. Importantly, the drastic
drop in n(k) at M to a value comparable to that at ' or
Z indicates that this crossing is due to the main band and
not due to a weak superstructure band. Also, the drop
in n(k) a the Z point to a level equivaent to that at
the T point cannot be explained by photon polarization
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or orbital symmetry arguments. Although not centra to
this paper, this observation includes new physics which
warrants further experimental and theoretical attention.
We have taken many cuts over the Brillouin zone at
33 eV on dlightly OD sample Bi-031. Within experimen-
tal resolution, each of the FS crossing criteria gave iden-
tical crossing locations for each cut. The crossing points
indicated from these cuts are shown by the white dots in
Fig. 3. Thick linesindicate the main FS (stronger ARPES
peaks) and thin lines indicating the superstructure-derived
FS (ARPES peaks of about 30% the intensity of the main
peaks). The superstructure FS's are seen to be replicas
of the main FS's, but shifted by =0.2(I'-Y). We note
that the FS topology measured here is closed around the
I' point, in opposition to the “accepted” FS topology of
Bi2212 which is closed around the X and Y points.
Despite this discrepancy, there are data in the literature
that confirm our new FS topology. Figure 3 shows an
overlay of our new FSwith an E intensity plot from an op-
timally doped Bi2212 crystal at 33 eV measured by Saini
et al. [11]. The Er intensity isanalogousto our A(k, Er);
i.e., the maximum intensity locations should correspond to
FS crossings. The overlay shows a striking similarity be-
tween these two independently obtained results. However,
instead of interpreting their data as a FS centered around
I', Saini et al. argued that it was still representative of a
holelike FS centered around X and Y, and that the loss of
weight at M was due to a pseudogap in the spectral func-
tion. Our experiments and analysis instead attribute the
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FIG. 3 (color). FScrossing points (white) from 33 eV data on
slightly overdoped Bi2212. The thick black lines through the
points indicate the main FS and the thin black lines indicate the
superstructure-derived FS. Our data are overlayed on a color-
scale plot of ARPES intensity at Er from an optimally doped
Bi2212 sample, as measured at 33 €V by Saini et al. [11]. The
highest intensity regions are yellow and the lowest intensity
regions are green.

weight loss around M to a FS crossing. Indeed, Fig. 1(e)
shows that the midpoint of our leading edge is fully up
to or even past Er, and so no pseudogap is observed in
these OD samples. A holelike FS plus superstructure ef-
fects was also put forth by Mesot et al. [15] to explain
Saini’s data, athough we feel that their scenario cannot
explain the near-complete weight loss observed at M nor
the curvature of the FS near M.

Figures 2(i) and 2(j) show that the new behavior
detailed here is robust as afunction of sample type. These
plots show n(k) and A(k Er) dong I'-M-Z a hv near
33 eV for a heavily underdoped sample Bi-049 and for an
overdoped single plane (Bi2201) sample Bi-058. In both
cases the data indicate a main-band crossing between I’
and M, indicating that the FS topology should also be
closed around I (the crossing is more washed out for
the underdoped sample, but appears to be qualitatively
similar in other respects). This indicates that the new
physics shown here is not peculiar to one doping level or
sample type. Rather, we argue that it is a product of the
new photon energy range used for our measurements, and
we are able to obtain different types of behavior on one
sample simply by changing the photon energy, as shown
in Figs. 2(f) and 2(g).

Changing the photon energy in an ARPES experiment
can have a number of effects. For afixed k|, one obvious
effect is that k; will change. We have taken data at
many more photon energies to check whether the Fermi
surface topology oscillates as a function of k. We find
only gradual changes as a function of photon energy
without any clear effects with a periodicity in k, of 27 /¢
where ¢ is the c-axis lattice constant. Thus we conclude
that the differences in the data as a function of photon
energy are not naturaly linkable to a coherent three-
dimensionality of the band structure. This is consistent
with the huge in-plane vs out-of -plane transport ani sotropy
of these materials.

A further important effect of varying the photon energy
will be variations in the photoemission matrix elements;
i.e, the ARPES intensity is not just a function of the
initial state but also of the density and symmetry of the
final state bands. At these relatively high photon energies
the final state is typically considered to be a continuum
with minimal structure. However, detailed calculations
taking into account the full band structure do, in fact, show
modulations in the matrix elements as afunction of 4 and
ky [16]. It could be argued that the decrease in spectral
weight at M at 33 eV could be due to a large drop in
weight due to matrix element effects. However, if this
were the case then we would not expect A(k Er) torise

as n(k) dropped. On the other hand, the very asymmetric
behavior measured around M at 22 eV [Fig. 2(g)] probably

indicates that strong matrix element effects are present in
these data. Likewise, the simultaneous drop in n(k) and
A(k, Er) aswe move from M-Y at 22 eV [Fig. 2(h)] aso
looks like a matrix element effect, instead of displaying a
FS crossing behavior [in which case we expect A(fc, Er)
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FIG. 4. Schematic diagrams of the E vs k relations for near-
optimal BSCCO. (a),(b) The old picture of the extended saddle
point below Er. (c),(d) New dispersion relation showing a
nonextended saddle point above Er. We hypothesize additional
emission or states near Er which are visible at 22 €V but not
33 eV, and which sometimes mask the true crossing behavior.
(e),(f) Unlikely scenario with two pieces of FS.

to peak near the 50% point of n(l?)]. This is important
becauseit isthisfalloff in n(k) which had previously been
used as evidence for the FS crossing and the hole-pocket
topology. Therefore, we argue that the generally accepted
picture illustrated in Figs. 4(@ and 4(b) is unlikely to
represent the actual physics. Rather, we propose the
scenario in Figs. 4(c) and 4(d). The main-band dispersion
isaswe have measured at 33 eV, and is centered around I’
with a smaller saddle point at M above Er. Additionally,
there is extra emission near Er at M which is observed at
22 €V but not 33 eV. At22 eV thisextraemission actsto
mask the true crossing behavior of the bands observed at
33 eV, giving the impression of a holelike FS.

It could be argued that two FS's exist in these com-
pounds due to bilayer-split CuO, bands, as depicted in
Figs. 4(e) and 4(f). However, if this was this case we
do not expect Bi2201 samples to display the behavior of
Fig. 2(j) at 33 eV and theflat bands at 22 eV [4]. Further,
the lack of a nice crossing behavior of the “holelike” por-
tion makes us hesitant to call this portion areal FS cross-
ing [Fig. 2(h)]. Rather, there seems to be extra emission
or an extra electronic component of some as yet undeter-
mined origin. Possible origins include (1) leakage from
the states above E if they have a linewidth large com-
pared to their energy above Er and a greatly enhanced
intensity due to matrix element effects, (2) a contribution
from the Bi-O states [17,18], (3) photoelectron diffraction
effects [19], or (4) new states due to quantum confine-
ment due to charge stripe formation [20] or a new type of
correlated electron state due, for instance, to magnetism.
Whatever the origin, this extra emission has repeatedly
shown superconducting gaps and for underdoped samples
pseudogaps, as do the states observed at 33 eV [21].
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The new FS topology as well as the position of the vHs
should have a number of implications for our understand-
ing of the diverse and unusual properties of the cuprates.
As an example we mention the Hall effect. In the FS
topology proposed here, the portion of the FS near M will
give an eectronlike contribution, while the portions near
the zone diagonal will give holelike contributions. These
will partially cancel each other, likely making the Hall
coefficient more sensitive to variations in the scattering
rates (e.g., with temperature) from the different FS por-
tions. This may help explain the relatively low values of
the Hall coefficient often observed, as well as why they
are so sensitive to temperature.
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Note added.—The results of this paper have recently
been confirmed by D.L. Feng et al., http://xxx.lanl.gov/
abs/cond-mat/9908056.
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