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The anomalous high-energy dispersion of the conductance band in the high-Tc superconductor
Bi共Pb兲2Sr2CaCu2O8+␦ 共Pb-Bi2212兲 has been extensively mapped by angle-resolved photoemission spectroscopy as a function of excitation energy in the range from 34 to 116 eV. Two distinctive types of dispersion
behavior are observed around 0.6 eV binding energy, which alternate as a function of photon energy. The
continuous transitions observed between the two kinds of behavior near 50, 70, and 90 eV photon energies
allow one to exclude the possibility that they originate from the interplay between the bonding and antibonding
bands. The effects of three-dimensionality can also be excluded as a possible origin of the excitation energy
dependence, as the large period of the alterations is inconsistent with the lattice constant in this material. We
therefore confirm that the strong photon energy dependence of the high-energy dispersion in cuprates originates
mainly from the photoemission matrix element that suppresses the photocurrent in the center of the Brillouin
zone.
DOI: 10.1103/PhysRevB.77.212504
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The anomalous high-energy dispersion in the electronic
structure of cuprates remains a hot topic in the hightemperature superconductivity research.1–24 After multiple
attempts to explain this phenomenon as an intrinsic property
of the spectral function, it was finally shown that the experimentally observed dispersion significantly depends on the
experimental conditions, such as photon energy and the experimental geometry,23,24 which suggested that the influence
of photoemission matrix elements distorts the real behavior
of the conductance band at high binding energies. It is therefore essential to gain a deeper understanding of this effect in
order to uncover the underlying electronic structure.
Two seemingly reasonable explanations for these changes
in behavior could be related to20 共i兲 bilayer splitting, i.e.,
modulation of the relative intensity of the bonding and antibonding bands due to the photoemission matrix elements; 共ii兲
effects of the kz dispersion that cause periodic changes of the
angle-resolved photoemission spectroscopy 共ARPES兲 signal
with varying excitation energy. In the following, we will
show that both these hypotheses are inconsistent with the
experimental observations.
In this Brief Report, we take a closer look at the excitation
energy dependence of the high-energy anomaly. As was previously reported in Ref. 24, there are two distinctive types of
behavior observed near the ⌫ point in the second Brillouin
zone 共BZ兲 in the binding energy range between 0.4 and
0.8 eV using the experimental geometry presented in Fig. 1.
In our ARPES experiment, the optical axis of the Scienta
analyzer was positioned at a 45° angle to the horizontal projection of the synchrotron beam; the beam itself was tilted by
6° up out of the horizontal plane, and the polarization of the
photons’ E vector was horizontal, orthogonal to the vertical
entrance slit of the analyzer. The measurements were done in
the second Brillouin zone, so that the sample was rotated
from the normal emission position by a positive polar angle
共toward the synchrotron beam兲.
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Figure 2 gives an example of two equivalent ARPES
spectra of slightly overdoped Pb-Bi2212 共Tc = 71 K兲 taken
along the 共2 , −兲-共2 , 0兲-共2 , 兲 direction in the momentum space at two different excitation energies: 64 eV 共a兲 and
81 eV 共b兲. The first image shows a “champagne glass” type
of dispersion with a single vertical stem in the high-energy
region, while the second image exhibits the “waterfalls” behavior with two vertically dispersing features in the same
energy range. In panel 共c兲, the momentum distribution curves
共MDC兲 of the photocurrent integrated in a small binding energy window around 0.6 eV are plotted for several excitation
energies, showing a smooth crossover between the two types
of spectra at about 72 eV. It is remarkable that such behavior
is universal for different families of cuprates.24
Figure 3 shows an excitation energy map measured at
22 K along the same cut 共2 , −兲-共2 , 0兲-共2 , 兲 in momentum space. The color scale represents photoemission intensity integrated in a small binding energy window around
0.6 eV. Each vertical cut corresponds to a MDC similar to
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FIG. 1. 共Color online兲 Sketch of the experimental geometry.
©2008 The American Physical Society
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FIG. 2. 共Color online兲 Photon energy dependence of the high-energy anomaly in Pb-Bi2212. A pair of equivalent spectra taken in the 2nd
BZ along the 共2 , −兲-共2 , 0兲-共2 , 兲 direction with excitation energies 64 and 81 eV are shown in panels 共a兲 and 共b兲, respectively. The
spectrum 共a兲 is an example of the “champagne glass” dispersion, while spectrum 共b兲 represents the “waterfalls” behavior. The momentum
distribution curves integrated in a small energy window around 0.6 eV binding energy 共hatched area兲 are shown in panel 共c兲 for a number
of excitation energies, showing a transition between the two types of behavior at about 70 eV.

those shown in Fig. 2共c兲, measured with a 1 eV step in excitation energy 共plotted on the horizontal axis兲. The intensity
of each MDC is normalized by its average value. A single
MDC maximum at the ⌫ point corresponds to the “champagne glass” behavior, while the two split maxima represent
the “waterfalls.” Except for the already known transition at
⬃70 eV, there are two more transitions observed around 50
and 90 eV.
One can see that the distance between the MDC maxima
changes continuously within each transition. The two
maxima in the “waterfalls” region do not lose intensity, giving place to the central peak, as one would possibly expect in
the case of bilayer splitting; they rather change their position
in momentum gradually, merging into a single peak. This lets
us rule out the bilayer splitting hypothesis.

It is also illustrative to compare Fig. 3 to the experimentally measured photon energy dependence curves for the matrix elements of the bonding and antibonding bands 共e.g.,
Ref. 25, Fig. 3兲. The relative intensity of the bonding band
near the Fermi level is known to reach maxima at 38 and
56 eV, while the antibonding band is enhanced by 50 eV
photons. On the other hand, the transitions seen in Fig. 3 do
not follow this pattern. Comparison to the theoretical photoemission intensity curves available for the bonding and antibonding bands in an even wider photon energy window26,27
will lead us to the same conclusion.
Let us now turn to the consideration of the possible role
of the kz dispersion. It is well known that by varying the
excitation energy in a photoemission experiment, one can
probe different kz points.28 As the Bi2212 crystals are known
to be not perfectly two dimensional,29,30 this might lead to
periodic variations of the observed electronic structure as a
function of photon energy. The easiest way to estimate the
period of such variations is to use the three-step model in the
free electron approximation.28 The kinetic energy of the photoelectron is given by
2
Ekin = 共p⬜
+ p2储 兲/2m = h − Ebind − ⌽,

共1兲

where p⬜ and p储 are the normal and parallel components of
the electron’s momentum in vacuum, h is the photon energy, Ebind is the binding energy of the electron in the solid,
and ⌽ is the work function. The component of the wave
vector perpendicular to the surface is given by

FIG. 3. 共Color online兲 Momentum distribution of the photocurrent along the M-⌫-M direction measured in the second Brillouin
zone as a function of excitation energy, showing several alterations
of the high-energy dispersion behavior. The color/gray scale represents photoemission intensity integrated in a small binding energy
window around 0.6 eV 共hatched area in Fig. 2兲 and normalized by
the average intensity along each cut. The double-headed arrow
marks the energy range covered by Fig. 2共c兲.
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where V0 ⬎ 0 is the inner potential of the crystal, G储 is the
reciprocal lattice vector; n⬜ , n储 僆 Z. At the ⌫ point, k储 = 0. The
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periodicity in k⬜ should correspond to G⬜ = 2 / c
= 2 / 30.89 Å ⬇ 0.2 Å−1, where c is the lattice constant
along the z direction. If the periodic changes in Fig. 3 originated from the kz dispersion, one period in k⬜ would fit
approximately between h1 = 50 eV and h2 = 90 eV. Using
formula 共2兲, we find that this is not possible to achieve for
any reasonable value of V0 − ⌽. Indeed, solving the equation
k⬜共h2兲 − k⬜共h1兲 = 0.2 Å−1 yields an unphysically large
minimal value of V0 − ⌽ = 2550 eV that corresponds to
n储 = 0, which lets us also reject the kz dispersion as a possible
reason for the observed changes in behavior.
We can therefore conclude that the observed photon energy dependence is most probably a photoemission matrix
element effect that suppresses the total photoemission signal
near the ⌫ point at particular excitation energies. This would
mean that the real underlying electronic structure is somewhere in between the “waterfalls” and “champagne glass”
types, having more spectral weight at the ⌫ point than was
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The scaling along the momentum axis in Fig. 3 of our original paper was inaccurate. The corrected figure is reprinted here.
Results and conclusions of the paper are not affected.

FIG. 3. 共Color online兲 Momentum distribution of the photocurrent along the M-⌫-M direction measured in the second Brillouin zone as
a function of excitation energy, showing several alterations of the high energy dispersion behavior. The color scale represents photoemission
intensity integrated in a small binding energy window around 0.6 eV and normalized by the average intensity along each cut. The doubleheaded arrow marks the energy range covered by Fig. 2共c兲 in the original paper.
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