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Electronic excitations near the Brillouin zone boundary of Bi2Sr2CaCu2O8¿d
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Based on angle resolved photoemission spectra measured on different systems at different dopings, mo-
menta, and photon energies, we show that the anomalously large spectral linewidth in the (p,0) region of
optimal doped and underdoped Bi2Sr2CaCu2O81d has significant contributions from the bilayer band splitting,
and that the scattering rate in this region is considerably smaller than previously estimated. This picture of the
electronic excitation near (p,0) puts additional experimental constraints on various microscopic theories and
data analyses.
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Angle resolved photoemission spectroscopy~ARPES!
data from the (p,0) region of Bi2Sr2CaCu2O81d ~Bi2212!
have been one of the most important sources of informa
about the electronic structure of the high temperature su
conductors~HTSC’s!.1 The normal state spectra are ve
broad, with widths much larger than those from the no
region @near (p/2,p/2)#, indicating a large anisotropy in th
scattering rate along the Fermi surface.2,3 This anisotropy has
been considered in various theories that describe the ano
lous transport and optical properties in the cuprates.4 In ad-
dition, the information gathered from these spectra h
helped to put additional important parameters into mic
scopic models.5 On the other hand, the superconducting st
spectra contain the well known peak-dip-hump structu6

The position of the dip was suggested to be related to
neutron (p,p) resonance mode,7 resulting in modeling of
the tunneling and ARPES data.8 The peak intensity in the
peak-dip-hump structure has been interpreted as being
lated to the condensate fraction,9 as discussed by variou
theories.10,11These studies constitute a significant part of
HTSC literature.

Bi2212 has two coupled CuO2 planes in the unit cell and
therefore bilayer band splitting~BBS! is naturally expected
However, it has been largely ignored in the studies m
tioned above, partly because of earlier reports of its abse
in the ARPES spectra.12,13 Recently, this long-sought BBS
was finally observed in overdoped Bi2212.14–16 The two
originally degenerate bands~one for each CuO2 layer! are
split into bonding band~BB! and antibonding band~AB! due
to the intrabilayer coupling. In the (p,0) region, the ampli-
tude of the BBS is found to be about 100 meV, compara
to the size of the superconducting gap and the normal s
band dispersion. As a result, the BBS causes a peak-
hump structure even in the normal state of heavily overdo
Bi2212,14,17,18 demonstrating that the intrabilayer couplin
plays an important role in the electronic structure of the ov
doped regime and should be seriously considered in rele
theories. These results naturally raise the question of whe
BBS exists in the optimal and underdoped regimes wh
most experiments and analyses were conducted, and
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does, how it affects our understanding of the nature of
electronic excitations near (p,0).

In this Communication, we report ARPES spectra fro
Bi2212 and Bi2Sr2CuO61d ~Bi2201! for various dopings and
photon energies (hn). The line shapes of Bi2201 and Bi221
are similar in the nodal region, but very different near (p,0).
In addition, Bi2212 spectra from the (p,0) region are
strongly modified byhn, in contrast to the weak photon en
ergy dependence of the Bi2201 spectra. We show that th
results can be well explained by the underlying BBS effe
in under and optimally doped Bi2212 and that the bro
linewidth near (p,0) is, in large part, due to the BBS. Thes
results are very different from the current, commonly a
cepted picture of the electronic excitations near (p,0), and
therefore requires the reexamination of many existing th
ries, and puts strong constraints on future theoretical mo
and data analysis.

High quality Bi2212 and Bi2201 single crystals we
grown by the floating zone technique. Bi2212 samples
labeled by the superconducting phase transition tempera
Tc of the sample with the prefix UD for underdoped, OP f
optimally doped, and OD for overdoped. Bi2201 samples
labeled in the same way but in lowercase. For exam
UD83 represents aTc583 K underdoped Bi2212 sample
while od17 represents aTc517 K overdoped Bi2201
sample. Samples with Pb doping are labeled with the pr
‘‘Pb,’’ except op33, which is doped with both Pb and La. Th
superconducting transition widths,DTc , were less than 3 K
for all the samples used. Angle resolved photoemission
periments were performed at a normal incidence monoch
mator ~NIM ! beamline of the Stanford Synchrotron Radi
tion Laboratory. Data were taken with a Scienta SES2
electron analyzer with the angular resolution of 0
30.5 deg unless specified otherwise. The overall ene
resolution varied from 10 meV to 18 meV at differenthn ’s.
This variation of the energy resolution does not affect any
our conclusions since the energy scales of the discussed
tures are much larger. The measurements were perfor
within 6 h after cleaving samples in;5310211 torr
vacuum, and sample aging effects were negligible, part
©2002 The American Physical Society01-1
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larly considering we are interested in large energy scale
tures. Unless otherwise specified, normal state data w
taken 10–20 K aboveTc .

The most obvious signature of the BBS is double featu
in the Fermi surface and energy distribution curves~EDC!,
as shown in Fig. 1 for heavily overdoped Bi2212.14 Due to
the anisotropic nature of the intrabilayer coupling, the am
tude of the BBS is also anisotropic with zero splitting in t
nodal region and maximum splitting at (p,0) @Fig. 1~a!#.19

The normal state (p,0) EDC of heavily overdoped Pb-OD6
@Fig. 1~b!# clearly shows two features that exhibit a norm
state peak-dip-hump structure, and are assigned to the
bilayer split bands.14–16 This was not observed in previou
measurements on overdoped samples, mainly due to ex
sic factors such as energy and angular resolution. Wit
slight decrease of the doping~Pb-OD72!, the two compo-
nents of the (p,0) spectrum are barely distinguishable. Co
pared with Pb-OD65, the two features become broader
their intensities smaller. For OP90, the spectrum isintrinsi-
cally too broad to distinguish the two split features, whi
makes the identification of the BBS very difficult in th
manner.

FIG. 1. ~a! Bilayer-split Fermi surfaces of heavily overdope
OD65; the two weaker features are their superstructure cou
parts. Solid and dashed lines represent the bonding and antibon
Fermi surfaces, respectively.~b! Normal state photoemission spe
tra of Bi2212 taken at (p,0) for three different doping levels. Dat
were taken withhn522.7 eV photon. Bars indicate identified fe
ture positions, and triangles indicate possible feature positions
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To clarify this further, we looked for other signs of BB
by comparing the spectra of Bi2212 with those of sing
layer Bi2201 at similar doping levels. We chose two pairs
samples: OP90 and op33, and OD63 and od17. Based o
empiricalTc vs doping formula,20 they have doping levels o
0.16, 0.16, 0.22, and 0.24, respectively. For the spectra ta
in the nodal region shown in Fig. 2~a!, Bi2201 and Bi2212
have similar line shapes, and the linewidth varies o
slightly for different systems and experimental condition
This holds true even for the heavily overdoped Bi22
sample with aTc,1.7 K ~doping level;0.28). The situa-
tion is very different for the spectra taken in the (p,0) region
@Fig. 2~b!#. For OD63, the spectrum consists of both the B
and AB, while the spectrum at (p,0.2p) mostly consists of
the BB, because the AB is aboveEF .14 We find that the
Bi2212 and Bi2201 spectra match at (p,0.2p) almost per-
fectly, while those at at (p,0) do not because of the presen
of the BB at higher energies. As far as the near-EF features
are concerned, the spectra from both od17 and OD63 h
very similar linewidths at similar binding energies and m
menta. This similarity between the OD63/od17 low ener
spectra can be attributed to their similar doping levels
each CuO2 plane. The OP90/op33 (p,0) spectra show a large
mismatch similar to the OD63/od17 case, which can be na
rally attributed to the additional spectral weight from the B
of OP90. On the other hand, without BBS~or intrabilayer
coupling! in OP90, properties of the CuO2 planes of OP90
and op33 should be similar. It is then difficult to explain wh
the linewidths of OP90 and op33 are so dramatically diff
ent in the (p,0) region, considering that Bi2201 and Bi221
are very similar in many other aspects such as the ph
diagram, Fermi surface shapes, dispersion energy scales21,22

and particularly, residual resistivity, which indicates the sc
tering caused by defects and impurities. The larger linewi
of op33, compared to od17, may be attributed to enhan
correlation effects with decreased doping, presumably (p,p)
scattering due to increased antiferromagnetic fluctuations2,4

The above comparison between spectra from Bi2201
Bi2212 suggests the possible presence of BBS in optim
doped samples. This is further supported by photon ene
dependence studies. As depicted in Fig. 3~a!, the antibonding
and bonding states have opposite symmetry along thec axis
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FIG. 2. Normal state spectra taken at~a! the
d-wave node region, and~b! the (p,0) region for
both Bi2212 and Bi2201 at various dopings. Th
solid and dashed lines in the inset of panel~a!
indicate the bonding and antibonding Fermi su
faces of OD63, respectively, and the black do
indicate the momentum locations of the spect
Data were taken withhn522.7 eV. Angular
resolution was 0.3° for OP90 and 0.12° for ot
ers in panel~a!.
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with respect to the midpoint between the two CuO2 planes.
As a consequence, their photoemission matrix elements
spond differently to various experimental parameters, incl
ing the photon energy. Upon tuninghn, the spectral weight
from the bonding and antibonding states will vary diffe
ently, thus changing the overall spectral lineshapes. This
be further illustrated by an analysis of the photoemiss
matrix elements. Although the photoemission matrix elem
still could not be calculated quantitatively so far due to va
ous complications, with reasonable assumptions and sim
fications, it can be studied on a qualitative level, which tu
out to be very helpful for the data interpretation on vario
occasions.23

We consider two two-dimensional~2D! systems coupled
via a certain bilayer interaction. The photoemission intens
for such a system with noninteracting electrons isI
}(a5a,bMa

2Aa(kW ,v), wherekW , v, andAa are the momen-
tum, energy for the final state, and the spectral functi
respectively, whilea and b represent AB and BB. In the
one-electron matrix elementMa5^c f uA•puc ia&, c f , and
c ia are the final state and initial state single electron wa
functions,A is the vector potential of the photon field, an
p[2 i\¹. Assumingc ia(x,y,z)5f i(x,y)xa(z) and a free
electron final statec f(x,y,z)5eikxx1 ikyy1 ikzz, the matrix el-
ement can be separated into the in-plane contributionM i and
the out-of-plane contributionMza . Under the dipole ap-
proximation,

FIG. 3. ~a! Cartoon of the initial and final state symmetrie
along thec-axis for the photoemission process with the presenc
the BBS.~b! The calculatedc-axis contributions to the photoemis
sion matrix elements for both bonding and antibonding state
functions ofhn, as described in the text.
22050
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Ma}M i1Mza[Ai /Az^e
ikxx1 ikyyur iuf i~x,y!&

1^eikzzuzuxa~z!&,

wherekx andky are fixed to be (p,0) for both the initial and
final states. The first term contributes equally to both bo
ing and antibonding states, and the ratio of polarizati
Ai /Az , is approximately constant in the experiment. The
fore, we can focus onMza as a function ofhn. To further
simplify, we assume

xa~z!5e2
(x2 l 0/2)2

(b l 0)2 6e2
(x1 l 0/2)2

(b l 0)2 ,

where ‘‘2 ’’ and ‘‘ 1 ’’ signs are fora5a andb, respectively.
l 0 is the intrabilayer distance, andb is an adjustable param
eter reflecting how the electron wave function is localiz
within a CuO2 layer and is assumed to beb51/6 in the
calculation. For the final state, the free electron approxim
tion gives kz5@2m* \22(hn2F1v0)2(kx

21ky
2)#21/2,

where we choose the photoelectron effective massm* to be
the free electron mass, the work functionF54.3 eV, and
inner potentialv057 eV in the calculation.24 Mza calcu-
lated with these parameters and simplifications is shown
both antibonding and bonding states in Fig. 3~b!. TheMza’s
for the bonding and antibonding state have almost oppo
behaviors withhn, and change quite dramatically in the stu
ied hn range. This causes the overall line shape of
Bi2212 (p,0) spectrum to alter significantly withhn as the
relative weight of bonding/antibonding states oscillates.
the case of optimally doped and underdoped systems,
centroid of the broad feature will shift.

This is indeed observed in OD65, where the BBS h
been clearly identified.14 Figure 4~a–c! show ARPES inten-
sity taken in the (p,0) region at differenthn ’s as a function
of momentum and binding energy. Because the NIM giv
extremely weak second-order light, it is possible to direc
compare spectra taken at differenthn ’s. One can see that th
relative intensities of the AB and BB change withhn. At
some photon energies, only one feature is prominent, w
in others, both features are clearly visible. EDC’s of OD65
(p,0) are plotted in Fig. 4~d!. While somekz dispersion may
exist, the data show strong bilayer matrix element effe
One clearly sees that the relative intensities of the bond
and antibonding features vary drastically withhn. For opti-
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bars
FIG. 4. ~a–c! Normal state photoemission intensity as a function of momentum and binding energy in grayscale maps near thp,0)
region (kx5p) of OD65 taken withhn518.4 eV, 20 eV, and 32 eV, respectively. The thick white lines indicate the dispersion o
bonding~BB! and antibonding~AB! bands, and lines are shown in dashed form when the feature is weak.~d–h! Normal state EDC’s taken
at (p,0) for samples~d! OD65, ~e! OP90,~f! UD83, ~g! UD73, and~h! op33 at varioushn ’s. Bars serve as guides for the centroids
spectral features. Note that the features indicated by bars nearEF may be Fermi cutoffs instead of real features. The separation between
is not necessarily the splitting energy.
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mally doped@Fig. 4~e!# and underdoped Bi2212@Fig. 4~f–
g!#, one does not see two clearly separated features. H
ever, one can see the strong variation of the line shape,
changes in the centroid of the feature. Although there
some detailed variations from sample to sample, the spe
of underdoped and optimally doped Bi2212 change with
similar trend as the OD65. On the other hand, for the sin
layer system op33@Fig. 4~h!#, the peak position show virtu-
ally no photon energy dependence. The high binding ene
background of op33 spectra is a smooth function of bind
energy and photon energy, which could be caused by
photon energy dependence of the secondary electron b
ground and in-plane contribution to the matrix element. T
centroid position of a spectrum is not altered by such effec
These indicate that the strong photon energy dependenc
the Bi2212 spectra is due to the BBS.

Because of the previous lack of evidence for BBS in o
timally doped and underdoped Bi2212,12,13 many analyses
and calculations assumed its absence. For example, the i
band transition between the BB and AB is dipole allowe
and hence contributes to the c-axis optical response.
observation of the BBS thus also requires reexamination
various optical studies that ignored this effect. The ARP
momentum distribution curves in this region were usua
fitted by one Lorentzian,3,25 when in fact it consisted of two
Lorentzians separated by the splitting in momentum spa
Bi2212 (p,0) spectra were discussed,2,7 and particularly, fit-
ted with a one-component formula.26 We show that even with
a two-component model, there are various uncertainties
volved in fitting the spectra, because the bonding and a
bonding features are weighted by unknown factors at cer
hn ’s, and generally too broad to be reliably separated. C
cerning the peak-dip-hump structure, the observation of B
in the normal state does not mean that the coherence pea
the superconducting state is just the sharpening of the a
bonding band belowTc , since two coherence peaks and
.
d

s
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hump have been resolved in OD65 with only;20 meV
energy splitting between the peaks.14 In underdoped and op
timally doped systems, it is conceivable that both norm
state AB and BB might develop their own peak-dip-hum
structures in the superconducting state, while two pe
humps appear to be one peak/hump due to large linewi
and/or small splitting. As a result, the dip position will b
affected by the overlapping of the humps and peaks. In
dition, because the hump line shape is a function of pho
energy, any semiquantitative analysis should be based
data taken in the same experimental geometry with the s
photon energy.9

Intrabilayer coupling has been assumed in some theo
to explain the different temperature dependence behavio
c-axis and in-plane transport and optical properties of bila
systems.27 Our results reinforce the assumptions of the
theories. In addition, we find that the quasiparticle in
(p,0) region of optimally doped Bi2212 should be similar
that of Bi2201, and thus much better defined than previo
believed from earlier Bi2212 data. The quasiparticle lifeti
is more than 100% longer than obtained from previous E
analyses, i.e., the scattering rate in this (p,0) ‘‘hot spot’’ is
not as large as previously believed, although an anisotrop
the scattering rate still exists in the optimally doped a
underdoped regime, as is observed in Bi2201.2,4
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