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We delineate the complex nature of the angle-resolved photoemission spectroscopy 共ARPES兲 matrix element
in Bi2 Sr2 CaCu2 O8 and identify photon energies where the matrix element is insensitive to wave vector and/or
frequency. These special photon energies provide a unique route for extracting the spectral function of the
bosonic glue mediating superconductivity and for obtaining self-energies more generally via ARPES experiments.
DOI: 10.1103/PhysRevB.69.140505
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Recently, Vekhter and Varma1 have proposed a scheme for
extracting the spectral function A glue (k,  ) of the bosonic
glue mediating superconductivity in the cuprates via angleresolved photoemission spectroscopy 共ARPES兲 experiments.
The idea is to solve the Eliashberg equation self-consistently
for A glue using the measured photointensity data. A key assumption necessary for implementing this procedure is that
the ARPES matrix element 共ME兲 depends weakly on wave
vector k 储 , initial state energy  , and temperature T.2 Unfortunately, however, ME effects are known to be strong:3– 8 the
ME generally varies by orders of magnitude with k 储 as one
goes around the Fermi surface 共FS兲 and by several hundred
percent with  for the energy scale over which the bosonic
glue will be expected to mix with initial states. In this paper,
we present a unique route for circumventing this dilemma by
exploiting the photon energy dependence9–12 of the ME.
We have carried out extensive simulations of the ARPES
photointensity throughout the Brillouin zone 共BZ兲 for exciting states from the bonding as well as the antibonding FS in
Bi2 Sr2 CaCu2 O8 共Bi2212兲 for a wide range of photon energies h  . The binding-energy range considered is ⬃3 times
the superconducting energy scale, which should be adequate
for treating the mixing of the bosonic glue. The constancy of
the ME is analyzed in terms of a simple measure of variations defined by variance as a percentage of the normalized
average intensity. A precise definition of how much the ME
varies at a given h  with k 储 and/or  then follows. The
presented results allow us to obtain the specific h  ’s where
the ME remains constant within a particular level of tolerance and to determine how different regions of the (k 储 ,  )
space contribute in this regard. Photon energies, where the
ME displays a weak k 储 and  dependence, provide special
windows for applying schemes such as those of Ref. 1, and
for investigating self-energy effects more generally via
ARPES 共e.g., the kink physics兲.
All computations in this paper have been carried out
within the one-step methodology, which we have generalized
to treat arbitrarily complex unit-cell materials.3,13,14 The photointensity is thus modeled realistically in the presence of a
specific surface termination—taken here to be in the BiO
layer. The effects of multiple scattering and the ARPES matrix element are thus included. The crystal potential was ob0163-1829/2004/69共14兲/140505共4兲/$22.50

tained for Bi2212 through a self-consistent Korringa-KohnRostoker band-structure scheme assuming a perfect
tetragonal lattice.13 The actual potential was modified somewhat to lift the BiO pockets around the (  ,0)-point above
the Fermi energy E F to account for their absence in the
ARPES spectra. Otherwise, our band structure and FS are in
accord with the well-known results in Bi2212. The finite
lifetimes of the initial and final states are incorporated by
introducing suitable imaginary parts to the self-energies of
the associated propagators. The initial-state width was chosen to be small 共14 meV兲 for ease in distinguishing between
closely placed bonding and antibonding states. Similarly, a
fixed final-state width of 2 eV was used to accentuate the ME
effect. We have however carried out simulations using more
complicated energy-dependent lifetimes to establish that our
conclusions are insensitive to these details.
Figure 1 gives the total ARPES intensities computed
within the one-step model when electrons for various k 储 values 共specified by the angle  ) are excited from the bonding
共left兲 or the antibonding 共right兲 portions of the FS. h  values
up to 80 eV are considered. For unpolarized light, the intensity is symmetric around the nodal (  ⫽45°) direction, and
for this reason results are shown only over the  ⫽0° –45°

FIG. 1. ARPES intensity for emission from the bonding 共left兲
and antibonding 共right兲 sheets of the FS 共highlighted in the insets兲
in Bi2212 as a function of k 储 and h  is shown both in a threedimensional rendition and as a contour plot. k 储 values are given in
terms of the angle  along the FS, with  ⫽0° denoting the antinodal Y -M direction. Light is assumed unpolarized.
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FIG. 3. 共Color online兲 Variations in the intensities of Figs. 2共b兲
and 2共f兲 as a function of k 储 共given by  as in Fig. 1兲 for the bonding
and the antibonding FS for unpolarized light. Maximum intensity at
each h  is normalized to unity.

FIG. 2. Variation in ARPES intensity with k 储 as a function of h 
for the bonding 共left兲 and antibonding 共right兲 FS’s. 共a兲 and 共e兲 give
values obtained by averaging over k 储 . The remaining frames give
standard deviations as a percentage of the mean for unpolarized as
well as ‘‘even’’ and ‘‘odd’’ polarization of light as discussed in the
text. Dashed lines identify h  regions where the intensity changes
with k 储 are less than ⫾15%, and are marked with gray bands for
unpolarized light in 共a兲 and 共e兲.

range. It is evident that in general the intensity or equivalently the ME varies strongly with  and h  , although there
are h  values where the intensities are more or less constant
over the whole FS. In contrast, the ME varies strongly as a
function of h  at any  .
Figure 2 delineates the sensitivity of the ME to k 储 . For
this purpose, we first compute intensities I i for emission
from a mesh of k 储 points k i ⫽k 储 (  i ) 共spaced uniformly in  )
lying on the bonding or the antibonding FS at a fixed value
of h  . From this (k i ,I i ) set the average intensity Ī and the
corresponding standard deviation  are straightforwardly defined.  / Ī then provides a reasonable measure of the extent
to which the ME remains constant as one goes around the
FS. Figure 2 displays  as a percentage of Ī . In order to help
clarify things, we focus on frame 共b兲 for the bonding FS first.
We see that around h  ⫽13.5–15.5 eV, the variation is
nearly zero, indicating that the ME remains essentially constant over the entire bonding FS in this energy range.15 On
the other hand, for h  ⫽66–69 eV, variation is quite large
being over ⫾50%. Looking below the ⫾15% level 共dashed
line兲, we can identify several energy ranges where the ME is
relatively constant. These energy regions are marked as gray
bands in 共a兲, which gives the average intensity Ī . Obviously,

of greatest interest are h  ’s, where not only the ME is nearly
constant, but also the cross section for emission is high. The
h  ’s where the ME variations display higher or lower tolerance than the ⫾15% level can be read from 共b兲.
We comment next on other frames of Figs. 2共c兲 and 2共d兲
which present the effect of polarization. ‘‘Even’’ refers to the
case where the polarization vector lies along the radial direction from the Y (  ,  ) point, and ‘‘odd’’ to the case where the
polarization is perpendicular to this radial direction. The important point is that the size of variations in 共c兲 or 共d兲 is
substantially larger than in 共a兲, so that polarized light is intrinsically less suited for achieving constancy of ME’s. The
right frames 共e兲–共h兲, which refer to the excitation of the antibonding FS, elicit comments similar to those made above
for the bonding FS. By comparing 共b兲 and 共f兲, we see however that the ME on the antibonding FS is somewhat more
sensitive to k 储 than the bonding FS.
Figure 2, does not give information on how the ME
changes as one moves along the FS or its behavior in the
vicinity of the nodal or the antinodal point. Insight in this
regard is provided by Fig. 3,16 which gives the value of the
relative intensity as a function of k 储 on a color scale with the
maximum defined as unity at each h  . Looking at the bonding FS in Figs. 3共a兲 and 2共b兲, we see, for instance, that at 60
eV, even though the variation over the whole FS is quite
large, most of this variation comes from near the antinodal
point (  ⫽0), but otherwise the ME remains quite constant
over a large arc around the nodal point (  ⫽45°). In contrast,
at 75 eV the intensity is quite high and uniform around the
antinodal point, but is low around the nodal point, while at
35 eV, it is uniformly high, away from both the nodal and the
antinodal points. Similar effects can be seen for the antibonding FS in Fig. 3共b兲.
Figure 4 illustrates how the k 储 dependency of the ME
plays out at two specific photon energies. At 22.4 eV, 共a兲
shows that the FS emission from the bonding band has
roughly the same intensity throughout the first BZ 共white
square兲, as expected from the low variance at this energy in
Fig. 2共b兲. By contrast, the variance for the antibonding FS is
larger 关see Fig. 2共f兲兴, but this is due mostly to the intensity
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FIG. 4. 共Color online兲 ARPES emission intensity from the FS in
Bi2212 for 22.4 eV and 29.4 eV photons 共unpolarized兲. White
square marks the first BZ.

being low around the nodal point, which is evident also in
Fig. 3共b兲. At 29.4 eV, on the other hand, both the bonding
and the antibonding FS’s give small variance and Fig. 4共b兲
indeed shows little change in intensity. Note that outside the
first BZ, intensities are far from constant in Fig. 4.17
We turn now to discuss the dependence of the ME on
initial-state energy 共or equivalently the frequency兲. The measure of variations is the same as that used previously in Fig.

FIG. 5. Variations in ARPES intensity 共defined by percentages
as in Fig. 2兲 with binding energy 共BE兲 over energy scales of ⌬ bi and
⌬ bi /2, as a function of h  for unpolarized light. Dashed lines mark
changes at the ⫾15% level. Results for three k 储 values k 1 , k 2 , and
k 3 at E F for the bonding 共B兲 band are shown in 共c兲–共e兲, and for one
k 储 value 共along the antinodal direction兲 for the antibonding 共A兲
band in 共f兲. A and B bands are shown in 共b兲. ⌬ bi is the bilayer
splitting at (  ,0). The FS’s and the B band dispersing to lower
energies at k 1 ⫺k 3 are shown in 共a兲. Note scale change in 共f兲.

FIG. 6. 共Color online兲 Variations in normalized intensities of
Figs. 5共c兲 and 5共e兲 as a function of binding energy for the bonding
band along the antinodal 共left frame兲 and nodal directions 共right
frame兲. Upper frames give average intensity as a function of h  ,
where regions of low variation in ME are identified by gray bands.

2, except that here we compute the intensity for a k 储 point on
the FS as the associated band disperses below E F 关see Figs.
5共a兲 and 5共b兲兴. The binding energies are considered over the
scale of the bilayer splitting ⌬ bi at (  ,0). Given that the
measured values of ⌬ bi are ⬃80 meV and the superconducting gap ⌬ su is ⬃20–50 meV, depending on doping, ⌬ su is
⬃25–60% of ⌬ bi . Since coupling with any bosonic mode
will be expected to mix states over an energy scale of a few
times ⌬ su , the reasonable scale for considering constancy of
the ME is ⌬ bi . Accordingly, Fig. 5 presents results for three
k 储 values on the bonding FS, including the nodal (k 3 ) and
the antinodal points (k 1 ). The antibonding FS is considered
only along the antinodal direction in the interest of brevity.18
In looking at Fig. 5, we comment on the bonding 共B兲 band
in 共c兲–共e兲 first. Over the energy scale of ⌬ bi /2, variations are
generally below the ⫾15% level throughout the photon energy range, and this continues to be the case for the k 储 region
near the nodal direction in 共e兲 and 共d兲 for photon energies up
to ⬃40 eV, even over the scale of ⌬ bi . The antinodal direction is quite sensitive to the energy scale as seen by comparing the two curves in 共c兲, although there are energies such as
21, 35–37, 54 –55, and 68 eV, where the absolute variance is
small. The typical results for the antibonding 共A兲 band, in 共f兲,
draw comments similar to those made above for the B band.
The variations are however generally larger than for the B
band, with the curves in 共f兲 共note scale change兲 mostly lying
above the ⫾15% line. Figure 6 provides further insight into
the energy dependence of the ME. The behavior of the B
band is depicted along the antinodal and nodal directions.
Energy ranges of low variation are identified with gray bands
in the upper frames, together with the total-energy-averaged
intensity, where the latter allows one to assess the extent to
which a given photon energy is suited for obtaining a reasonable overall ARPES cross section.19
In summary, we have delineated the complex nature of the
ARPES matrix element in Bi2212 for the purpose of identifying photon energies where the matrix element is insensitive
to wave vector k 储 and/or the initial-state energy  . For unpolarized light, at the ⫾15% tolerance level, the dependency
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of the matrix element on k 储 is found to be weak around h 
⫽12–23, 30, 36, 39, 44 – 48, and 55–57 eV for the bonding
FS, and around h  ⫽10–17 and 28 –32 eV for the antibonding FS. The corresponding energies where the  dependence
is weak are 15–16 and 30 eV for the antibonding FS and
generally below 35 eV for the bonding FS. Additionally, 
dependence is weak near the nodal direction at photon energies around 10–24, 31–36, 54 –56, 61– 64, and 68 –70 eV,
and near the antinodal direction near 21–22 and 35–38 eV.
By relaxing the tolerance with respect to k 储 and/or  , other
energies can be obtained from the data presented in Figs. 2
and 5, and guidance as to how these variations arise from
more limited k 储 and  regions in the underlying spectra from
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