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Emergence of multiple Fermi surface maps in angle-resolved photoemission
from Bi 2Sr2CaCu2O8¿d
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We report angle-resolved photoemission spectra~ARPES! for emission from the Fermi energy (EF) over a
large area of the (kx ,ky) plane using 21.2 and 32 eV photon energies in two distinct polarizations from an
optimally doped single crystal of Bi2Sr2CaCu2O81d ~Bi2212!, together with extensive first-principles simula-
tions of the ARPES intensities. The results display a wide-ranging level of accord between theory and experi-
ment, demonstrating that the ARPES matrix elements can produce a striking variety of Fermi surface maps,
especially in the presence of secondary features arising from modulations of the underlying tetragonal system.
Our analysis demonstrates how the energy and polarization dependency of the ARPES matrix element can help
to disentangle the primary contributions to the spectrum from the secondary features and indicates that sec-
ondary features reflect a direct modulation of the CuO2 planes.
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I. INTRODUCTION

Angle-resolved photoemission has undergone a revolu
in the last few years as great strides have been take
energy and momentum resolution. Particularly in connect
with the high-Tc superconducting compounds, these a
vances portend fundamental progress in understanding
nature of strong coupling effects, including Mott gaps, sp
charge separation, pseudogap and stripes, so that a r
picture of the normal and the superconducting state of th
materials can be adduced. Bi2Sr2CaCu2O81d ~Bi2212! has
played an essential role in much of this work, althou
ARPES studies of other high-Tc’s are increasingly becoming
feasible as techniques for obtaining high quality single cr
tal surfaces have improved.1

Progress on these problems has been contributed by
ous ARPES groups. A few highlights pertinent to the pres
work are as follows. On the specific issue of the number
type of FS sheets, beautiful recent work has been reporte
Bi2212, Bi2201, and Pb-substituted Bi2212.2–9 The impor-
tance of modulations in analyzing the ARPES data
Bi2212, especially of the ‘‘shadow’’ features10 arising from
the orthorhombic modulation, and the ‘‘Umklapp replica
from the superlattice modulation has been emphasized e
by Refs. 11,12. References 13,14 have concentrated on
role of stripes. The value of considering momentum distrib
tion curves~rather than the traditional energy distributio
curves! in the ARPES spectra has been pointed out
Ref. 15.

A complication in interpreting ARPES spectra of Bi221
taken over a large area of the (kx ,ky) plane is that different
groups report an apparent multiplicity of strikingly differe
FS maps obtained for emission from the Fermi energy. H
we demonstrate that much of this variability is inherent a
arises from the character of photoemission matrix elem
and its dependence on photon energy and polarization. C
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parison of extensive first-principles simulations with expe
ments on a single sample reveals a remarkable, wide-ran
level of agreement between experiment and theory, with
dividual maps dominated by matrix elements and modu
tions due to secondary ‘‘shadow’’ and ‘‘Umklapp’’ feature
despite the presence of a single underlying bulk electro
structure. Our analysis indicates that the secondary feat
possess a matrix element which is intrinsically different fro
that for the primary features. By a proper choice of phot
energy and polarization specific features in the underly
electronic spectrum can thus be highlighted in general,
in particular, closely placed Fermi sheets can be dis
tangled; our data confirms the existence of two FS shee
optimal doping.2,3,5,7

II. EXPERIMENTAL DETAILS

High quality single crystals of optimally doped Bi221
(Tc590 K) were grown by the traveling solvent floatin
zone method with an infrared mirror furnace. The very go
long range order and low defect density is indicated by
narrow transition width of 1 K~measured by SQUID!, and
by x-ray diffraction rocking curve measurements. The
maps were produced by measuring the photointensity wi
a narrow energy window atEF over the full 360° angular
range in the (kx ,ky) plane at the SU8 high-resolution beam
line of the Super-Aco synchrotron ring at LURE.16,17 The
data were collected on a regular mesh in polar (u) and azi-
muthal angles (f) of stepsDu51o, Df51o. The PGM
monochromator is equipped with six gratings to cover
energy range from 16 eV to 960 eV, with an average reso
ing power of 33104 at 1011 photons/s. Some measuremen
employed He-I light ~unpolarized! from a He discharge
lamp. The overall energy resolution varied from 12 to
meV depending on measurement conditions.18,19 The cham-
ber base pressure was better than 5310211 mbar during the
experiments. Procedure to assure an accurate sample a
©2003 The American Physical Society19-1
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ment included a complete set of photoelectron diffract
azimuthal and polar scans of the Bi core level in the hig
energy regime which were recordedin situ in order to define
the Ḡ point and the main high symmetry directions.20–22For
presentation purposes, a small background was subtra
from the experimental data, but all the features discus
below are also visible without this subtraction. The data h
not been symmetry averaged.

Two different detection geometries—referred to
‘‘even’’ and ‘‘odd’’—have been employed to obtain th
ARPES spectra. In these measurements, the sample po
is fixed, while the detector moves. As depicted in Fig. 1,
the even case, the detector is constrained to move in
horizontal plane, which is thesameas the plane of the inci
dent light, whereas for the odd case, the detector is chose
move in the vertical plane. FS maps are constructed with
polarization always even~or odd! with respect to all the mir-

FIG. 1. ~Color! The meaning of ‘‘even’’ and ‘‘odd’’ detection

geometry in the present ARPES experiments is explained.kWe points
toward the detector. In the even case, the detector moves in
plane of incident light~horizontal plane! in which the synchrotron
light is polarized. In the odd case, the detector moves in a per
dicular plane as shown. The sample is kept fixed. For initial sta

lying in a mirror plane~e.g., along theḠ-M̄ line!, the even polar-
ization selects emission only from states symmetric with respec
the mirror plane, while the odd polarization couples to antisymm
ric states as discussed in the text. The detector is rotated alon
vertical and horizontal axis to access states throughout the (kx ,ky)
plane.
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ror planes, by rotating the detector so as to keep the incid
light vector polarized along the radial~or tangential! direc-
tion with respect to the zone centerḠ at every point in the
(kx ,ky) plane. It can then be shown that when emission fr
a mirror plane in the crystal lattice is involved~e.g., along
the G-M line!, the even~or odd! experiment only probes
initial states of even~or odd! symmetry. To see this, observ
first that in the case of a mirror plane the final stateuC f&
must be even in order to be observable—the odd state
sesses a zero amplitude as the sketch in Fig. 1 shows.
dipole matrix element̂C f upW •AW uC i&, wherepW is the momen-
tum operator, is then nonvanishing only for an even~or odd!
initial stateuC i& if the polarization~along the vector poten
tial AW ) is parallel~or perpendicular! to the mirror plane as is
the case in the even~or odd! detection mode. At a generalki
point, even and odd measurements still provide some
crimination with respect to the character of the initial stat
In the case of emission from the Cu-O planes in Bi2212,
relevant initial states are predominantly Cu 3dx22y2 hybrid-
ized with O 2px,y , and the band crossingEF is antibonding,
so that states along theḠ→M̄ line ~along the Cu-O-Cu
bonds! will be intense in the even experiment, while stat
along Ḡ→X̄(Ȳ) will be strong in the odd measurements.

III. COMPUTATIONAL DETAILS

All computations in this article are based on the one-s
model of photoemission extended to treat arbitrarily comp
unit cell materials.23–28Effects of multiple scattering and th
ARPES matrix element23 are thus included realistically in th
presence of a specific surface termination, taken here to
the Bi-O layer. The finite lifetimes of the initial and fina
states are incorporated by giving suitable imaginary part
the self-energies of the associated initial and final st
propagators. The crystal potential was obtained via a s
consistent KKR procedure29–31assuming a perfect tetragon
lattice which yielded the well-known LDA-based band stru
ture and FS of Bi2212.32 The actual potential used in thi
work, however, has been modified slightly such that the B
pockets around theM̄ point are lifted aboveEF to account
for their absence in the experimental ARPES spectra. A nu
ber of simulations have also been carried out where repul
barriers were placed between the two CuO2 planes in the Ca
layers in order to mimic correlation effects beyond the LD
which are expected to reduce the bilayer splitting. Finally,
order to describe the effects of the orthorhombic modulat
and the;(135) superstructure present in Bi2212, we ha
taken the spectrum computed for the tetragonal case and
perposed on this the same spectrum with appropriate wei
after suitable translations in the reciprocal space. T
weights used are estimated from relative intensities in
experimental FS maps and are summarized in Table I.
procedure for estimating the weights is described in
Appendix.

IV. RESULTS AND DISCUSSION

Figure 2 considers two sets of theoretical spectra at 2
eV in the even and odd detection geometries for the tetr
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TABLE I. Relative fractional weights of various secondary features in Bi2212 obtained by analyzin
experimental FS maps where the primary spectrum for the tetragonal lattice is normalized to uni
Appendix for details. The superlattice modulation gives the first and second Umklapp images, wh
orthorhombic modulation yields the shadow feature and the related Umklapps. The translation vec
volved are of formh(p,p) parallel to the orthorhombicb* axis. Listed values ofh come in pairs. First and
second Umklapps roughly correspond toh values of61/5 and62/5, respectively.

hn Detection Orthorhombic Superlattice
geometry modulation modulation

shadows 1st 1st 2nd
Umklapps Umklapps Umklapps

21.2 eV even 0.10 0.01 0.20 0.01
odd 0.30 0.15 0.40 0.02

32 eV even 0.15 0.05 0.35 0.12
odd 0.40 0.12 0.40 0.01

h @Translation 60.5 1(0.560.21) 60.21 60.42
vector ish(p,p)] 2(0.560.21)
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ne.
onal lattice, and helps set the stage for our discussion.
right hand Figs. 2~b!, 2~d! refer to simulations where th
bilayer splitting has been artificially reduced to a near z
value and both FS sheets are holelike around theX̄(Ȳ) sym-
metry point. The case with a bilayer splitting of;200 meV
where the first FS sheet is holelike and the second she
slightly electronlike is depicted in the left hand Figs. 2~a!,
2~c!. We see by comparing Figs. 2~a! and 2~b! that there is a
striking increase in the intensity around theM̄ point for even
detection due to the presence of the aforementioned se
underlying FS sheet. By varying the size of the bilayer sp
ting and/or the position ofEF we have determined that thi
second band must be within;620 meV of EF around the
M̄ point to produce such a large intensity feature. Th
results clearly show that matrix element effects can ac
enhance or mask the ARPES signal from individual ban
This is a crucially important observation which we will reca
below in analyzing the experimental data. Figure 2 also hi
lights the differences between the even and odd maps m
generally. The second FS sheet so prominent in the even
of Fig. 2~a! is essentially ‘‘invisible’’ in the corresponding
odd map of Fig. 2~c!. Also, the odd map is complementary
the even map in the sense that regions of high intensit
one map are often replaced by those of low intensity in
other and vice versa; for example, in the even case, the
tensity is low along the diagonalḠ→X̄(Ȳ) lines, while in the
odd case there is an intensity maximum along the diago
associated with the hole sheets.

Figures 3 and 4 compare experimental and theoret
spectra at 21.2 and 32 eV, respectively. While changes in
ARPES maps of the FS with photon energy and polariza
are striking, an excellent overall agreement with theory
seen in all cases. The unpolarized~He I! data@Fig. 3~a!# and
theory@Fig. 3~b!# both show a clear imprint of the large ho
sheet centered aroundX̄ or Ȳ, but relatively little trace of the
second FS sheet aroundM̄ . However, under even polarize
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light @Figs. 3~c!, 3~d!# this second sheet comes alive givin
intense emission around theM̄ points. As emphasized al
ready in connection with Fig. 2 above, the appearance of
large intensity is an unmistakable signature of the prese
of a second band lying close toEF at M̄ . Notably, secondary

FIG. 2. ~Color! Theoretical maps at 21.2 eV for emission fro
EF in tetragonal Bi2212 for even and odd polarizations of lig
described in the text. The left hand simulations~a!, ~c! refer to the
band theory-based crystal potential with a bilayer splitting

;200 meV at theM̄ point. In the right hand side simulations~b!,
~d!, the bilayer splitting has been artificially reduced to a nea
zero value. Intensities are normalized to the same value in all m
and plotted in hot colors~whites and yellows are highs! on a linear
scale. The square in solid white lines marks the 2D Brillouin zo
9-3
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features are quite weak under these experimental condit
~21.2 eV, even—Table I, below! and, therefore, can be esse
tially ignored in the analysis of Figs. 3~c!, 3~d!. Detailed
modeling leads us to conclude that within the present exp
mental resolution we cannot determine the position of t
band with respect to the Fermi level better than620 meV,
and hence cannot say whether it is slightly electronlike
holelike.

Under odd polarization@Figs. 3~e!, 3~f!# secondary fea-
tures develop greater relative intensity and the even and
maps look quite different. As expected, the emission aro
M̄ from the second sheet is suppressed in this polarizat
making these maps unsuitable to address this aspect o
electronic structure. On the other hand, the trace of the
sheets is reinforced along the lattice modulation direction
superposition with its Umklapp images, thereby distorti
the image of the hole sheet in the odd map@Fig. 3~e!#, indi-
cating that caution must be exercised in deducing phys
parameters~size and shape! from this spectrum. The mix o
primary and secondary features is quite different in the 32
data, Fig. 4, even though some of the characteristics are
sically similar. For example, the second FS sheet is emp
sized in the even polarization in Figs. 4~a!, 4~b!, but sup-
pressed in the odd case of Figs. 4~c!, 4~d!. Compared to 21.2

FIG. 3. ~Color! Theory and experiment are compared directly
21.2 eV for even and odd polarizations, as well as for the unpo
ized He I light. Effects of superlattice and orthorhombic modu
tions are included in theory as discussed in the text. See captio
Fig. 2 for other pertinent details.
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FIG. 4. ~Color! Same as Fig. 3, except that this figure refers
32 eV synchrotron light.

FIG. 5. ~Color! Inset: Fermi surface map at 32 eV photon ener
~even symmetry!, showing the segmented line A-G along whic
ARPES intensity was considered for obtaining the weights of Ta
I. Main frame: Experimental ARPES intensity~thick line! along the
line segments A-G in inset is compared with the correspond
theoretical fit~thin line! obtained by adding contributions of variou
modulations with appropriate weights as described in the text.
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eV, there is generally a greater spectral weight at higher
menta; for example, the image of the second sheet is mo
less equally intense in the first and second BZ’s in Figs. 4~a!,
4~b!, but in the 21.2 eV Figs. 3~c!, 3~d!, the second BZ
imprint is quite weak in relation to that in the first BZ. Th
combination of the two FS sheets with appropriate
weighted secondary images yields two nearly parallel ba
of intense emission which are oriented along the (p,2p)
direction in Fig. 4 and appear quite striking. Interestingly,
even polarization@Figs. 3~c!, 3~d! or 4~a!, 4~b!# the spectra
show a remarkable line of essentially zero intensity along

Ḡ→Ȳ direction, as expected for a mirror plane. Howev

along the perpendicular lineḠ→X̄, this is not true since the
superlattice compromises the symmetry.

As noted in the Introduction, the determination of the
topology of the underlying tetragonal phase in Bi2212 h
been complicated by the presence of secondary features
to superlattice and shadow bands. The results of Table I o
insight into how a headway can be made in disentang
primary and secondary features by exploiting the energy
polarization dependencies of the ARPES matrix element.
see that in the 21.2 eV even geometry, no secondary fea
displays a weight greater than 20% of the primary featu
and therefore, this energy and polarization is well suited
delineating the primary FS. In sharp contrast, the weights
secondary features are significantly greater at 32 eV in b
the even and odd spectra as well as in the 21.2 eV
spectrum. Interestingly, the shadow feature is most pro
nent in the 32 eV odd case, and the second superlattice im
is visible in 32 eV even map, albeit weakly.

Although absoluteintensities are not our focus, one a
pect of these is particularly germane to this discussion.
theoretically computed33 maximum absolute ARPES intens
ties of theprimary features are in the ratios 21.2 eV~even!:
21.2 eV~odd!: 32 eV ~even!: 32 eV (odd)55:2:1.2:0.7, in
reasonable accord with the corresponding experimental
ues of 5:1.7:0.8:0.6, uncertainty in determining absolute
perimental intensity notwithstanding. Applying these rat
to the data of Table I~which gives the relative weights of th
secondary features!, it is found that the absolute intensities
varioussecondaryfeatures are not all that different at the tw
photon energies considered for either the odd or the e
maps. In other words, the primary emissions become h
lighted in the 21.2 eV even measurements not because
secondaries are weak, but due to the primaries becom
much stronger.

It has sometimes been suggested that the superlattice
tures do not reflect the dispersion of the CuO2 planes, but
arise from a diffraction effect when the photoelectron pas
through the distorted BiO layer.34 The present results indicat
that this is not the case, but that a modulation exists wit
the CuO2 planes. For a diffraction effect, one would expe
the matrix element to govern the primary electron emiss
event, and therefore, expect the intensities of the secon
peaks to roughly scale with those of the primary peaks. T
however, is clearly not the case from Table I, where
relative weight of the secondary features is considera
larger for the 32 eV odd data than for the 21.2 eV even d
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Along these lines, a close examination of Figs. 3 and 4
veals that, in the odd maps of Figs. 3~e!, 3~f! or 4~c!, 4~d!,
the theoretical and experimental intensities of various f
tures and the connectivity of bands in some cases do
quite match up. In this connection, some confirmatory e
dence for the modulation of CuO2 planes may be noted a
follows. ~1! The compound Bi10Sr15Fe10O46 is isostructural
with Bi2212, except that it has acommensurate531 super-
lattice with known local atomic displacements.35 A consider-
able modulation of the Fe positions is found. We have inc
porated these displacements into a tight-binding model o
hypothetical 531 modulated CuO2 plane assuming the Cu
positions to be the same as the observed Fe positions
using the known dependence of hopping parametert on
Cu-O distance.36 We find superlattice modulation effects o
the order of 10% of the primary features, which are com
rable to the present observation.37 ~2! The superlattice modu
lations observed in photoemission spectra are consider
stronger in the single layer compound,38 consistent with an
enhanced modulation of the CuO2 planes—a bilayer being
less easily deformed than a single layer, but unexpected
diffraction model since the BiO layer is identical in bo
cases.~3! Misra et al.39 report direct tunneling into a CuO2
plane which lacks a BiO overlayer. They report clear e
dence for modulation of the CuO2 planes on this basis.~4! It
should finally be noted that the modulation of the CuO
plane would induce an intrinsic Fermi surface anisotropy
so, then Andoet al.40 are not justified in ignoring this facto
as a possible cause of the novel anisotropy they observe
the thermal conductivity of Bi2212 with respect to the sup
lattice modulation axis. A full description of the ARPE
spectra of Bi2212 will eventually require a proper treatme
of the effects of various modulations and the related 3D e
tronic structure.

V. CONCLUSIONS

In conclusion, we demonstrate that dramatic differen
in the observed FS maps under various experimental co
tions arise as a simple consequence of the ARPES ma
element which gives the primary FS features~arising from
the underlying tetragonal lattice! a weight which depends
upon the energy and polarization of light in avery different
mannerfrom that of the secondary features associated w
the superlattice and orthorhombic modulations. In this w
the ARPES matrix element helps disentangle various asp
of the electronic structure and fermiology of this compl
system. In particular, we demonstrate that theory can h
determine the number of primary FS sheets in Bi2212, c
firming recent results.2,3,5,7

The wide ranging accord between theory and experim
indicates that the band theory framework implicit in the co
putations captures the essential underlying physics, sugg
ing that the two FS sheets in Bi2212 mainly reflect conve
tional bilayer splitting. However, it is likely that other effec
~e.g., strong electron-phonon coupling and/or some form
nanoscale phase separation or stripe order! will need to be
incorporated into the final picture. A detailed exploration
the growing role of strong correlations at lower doping a
9-5



a
h
rt

Y
n
n
ll

ien

e
3

the
ng

tral
ds.
5,
this
res

e
he

the
ap
The
ch

tal

P.
C
v

g
nd

u-
.

i-
e

R.
K

.
l-

ev

d

r,

T

re
b

d

or-
o-

ev.

.

S.

N.

F.

ys.

J.

nd

ev.

. B

.
v.

ev.

M. C. ASENSIOet al. PHYSICAL REVIEW B 67, 014519 ~2003!
temperatures, where bilayer splitting is expected to decre
while effects due to pseudogaps, stripes, and nanoscale p
separation become more prominent, should prove wo
while.
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APPENDIX: ESTIMATION OF WEIGHTS
OF SECONDARY FEATURES

The procedure for determining weights of Table I is d
scribed here with reference to Fig. 5, which considers the
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