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We show that the angle-resolved photoemission~ARPES! spectra for emission from the bonding as well as
the antibonding Fermi-surface sheet in Bi2Sr2CaCu2O8 possess remarkable site, selectivity properties, in that
the emission for photon energies less than 25 eV is dominated byp→d excitations from just the O sites in the
CuO2 planes. There is little contribution from Cu electrons to the ARPES intensity, even though the initial
states at the Fermi energy contain an admixture of Cu-d and O-p electrons. We analyze the origin of this effect
by considering the nature of the associated dipole matrix element in detail and find that various possible
transition channels~other thanp→d on O sites! are effectively blocked by the fact that the related radial cross
section is small and/or a lack of available final states. Our prediction that ARPES can preferentially sample Cu
or O states by tuning the photon energy suggests different possibilities for exploiting energy dependent ARPES
spectra for probing initial state characters in the cuprates.

DOI: 10.1103/PhysRevB.68.054522 PACS number~s!: 74.72.Hs, 79.60.Bm, 71.18.1y

I. INTRODUCTION

The photointensity observed in an angle-resolved photo-
emission~ARPES! experiment is the result of modulation of
the spectral density of the initial state via the ARPES matrix
element. This modulation can be quite substantial in the cu-
prates and depends in general strongly onki , polarization,
and energy of the incident photons as well as the energy and
character of the initial state.1–9 Chuanget al.,5 for example,
have recently exploited the large theoretically predicted dif-
ferences in the ARPES cross sections of bonding and anti-
bonding pieces of the Fermi-surface~FS! by tuning the pho-
ton energy to adduce the doping dependence of the bilayer
splitting in Bi2Sr2CaCu2O8 ~Bi2212!. Asensioet al.4 found
that apparently different looking FS maps obtained in Bi2212
over a wide area in the (kx ,ky) plane at different photon
energies largely reflect the effect of the ARPES matrix ele-
ment. In other applications, such as a recent proposal10 to
determine the spectral function of the boson mediating the
Cooper pairs in the cuprates, it will be necessary to develop
strategies for minimizing the effect of the ARPES matrix
element in order to obtain robust physical results through
ARPES spectra. It is clear that a good understanding of the
nature of the ARPES matrix element is of considerable im-
portance in the continued development of ARPES as a probe
of electronic structure of complex materials.

With this motivation, we examine in this paper the nature
of emissions from the bonding as well as the antibonding
parts of the FS of Bi2212. In considering contributions to
photointensity arising from different angular momentum
channels and various atomic sites in the unit cell, we find
that the ARPES matrix element possesses remarkable site-
selectivity properties, in that the ARPES intensity throughout
the (kx ,ky) plane in the 5–25 eV energy range is dominated
by only the Op→d transitions. The contribution from Cu
sites is quite small, even though the electronic states at the
Fermi energy in Bi2212 contain substantial Cu character. In
order to ascertain the origin of this effect, the dipole transi-
tion matrix element between the relevant initial and final

states is analyzed in detail and the factors responsible for this
behavior are identified.11 Our prediction that ARPES can
preferentially sample Cu or O states suggests different pos-
sibilities for exploiting energy dependent ARPES spectra to
gain insight into the character of initial states in complex
materials.

The paper is ordered as follows. In Sec. II we briefly
discuss the underlying formalism. Section III presents and
analyzes the nature of the ARPES spectra. In Sec. III A, a
typical ARPES spectrum for emission from the Fermi energy
in Bi2212 is considered to orient the reader. Section III B
continues with a discussion of site-resolved photointensities
over the 5–25 eV photon energy range forki values covering
the entire (kx ,ky) plane. The origin of the site-selectivity
effect is then delineated in Sec. III C. Finally, Sec. IV gives
some concluding remarks, including the possible application
of site-selectivity property in gaining insight into interesting
issues such as the Zhang-Rice mechanism12,13 in the cuprates
and the doping dependence of the HubbardU parameter via
energy dependent ARPES measurements.14

II. OVERVIEW OF FORMALISM

The methodology used in this study has been discussed
previously in Ref. 2, to which we refer the reader for details;
see also Refs. 1 and 15–20. Some comment in this connec-
tion is nevertheless necessary in order to meaningfully de-
scribe the results presented here. In particular, Ref. 2 shows
that substantial insight into the nature of the ARPES
photointensity21 resulting from excitation between specific
bulk initial and final states in the solid,c̃ i and c̃ f , can be
obtained in terms of the behavior of the corresponding mo-
mentum matrix element̂c̃ f upuc̃ i&. We then expandc̃ within
the Korringa-Kohn-Rostoker band-structure scheme22,23 as

c̃~r !5(
L,b

i lCL
bRl

b~r !YL~V!, ~1!
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where L[( l ,m) is a composite angular momentum index,
YL(V) are real spherical harmonics, andb denotes different
basis sites.CL

b are expansion coefficients andRl
b(r ) is the

radial part of the Bloch wave function on siteb. The use of
form ~1! for the initial and final states yields2,19,20,24

^c̃ f upuc̃ i&5(
a,b

(
L,L8

êai l 2 l 821CL8
b * CL

bBl ,l 8
b GL,L8

a . ~2!

Here êa denotes a unit vector along thea direction and
primed indices refer to the final state.GL,L8

a are the standard
Gaunt coefficients. The detailed expression forBl ,l 8

b is given
in Ref. 2. For present purposes, the important point to rec-
ognize is that

Bl ,l 8
b }E

0

r MT
b

Rl 8
b

~r !* rRl
b~r !r 2dr, ~3!

where the integral extends to the muffin-tin~MT! radiusr MT
b

of the atomb in the basis. It is useful to decompose the
momentum matrix element into contributions from various
angular momentum channels and sites in the unit cell as
follows:

Ma[^c̃ f upauc̃ i&5(
g

Ma
g ~4!

5(
g

(
L,L8

Ma,L,L8
g ~5!

with

Ma,L,L8
g

5(
d

i l 2 l 821~CL8
g,d

!* CL
g,dBl ,l 8

g,dGL,L8
a . ~6!

Aside from the obvious notation in Eqs.~4!–~6!, indicesg
andd are together meant to encompass the summation of Eq.
~2! over all basis sitesb in the unit cell. In the present case
of tetragonal Bi2212,g takes on eight distinct values which
include the Ca atom and seven pairs of symmetrically lo-
cated atoms~Bi, OBi , Sr, OSr, Cu, OCu,x , OCu,y). d in Eq.
~6!, on the other hand, takes only two values, which account
for the two atoms placed symmetrically with respect to the
Ca layer in the unit cell. In this sense, we may think ofg as
a ‘‘site’’ index andd as a ‘‘pairing’’ index. In this work we
study particularly the matrix elementMa,L,L8

g , which in-
cludes the contribution of pairs of sitesd related by mirror
symmetry. We will see that its dependence on different sites
and excitation channelsL→L8 is important for delineating
the nature of photointensity in Bi2212.

Concerning relevant computational details, the crystal po-
tential used is the same as that employed in our previous
studies of Bi2212 on a body-centered tetragonal lattice and
involves 30 atoms per unit cell; see, e.g., Refs. 1 and 2. For
definiteness, incident light is assumed polarized along the
@110# direction. The damping of final states is included via an
imaginary part of the final-state self-energyS f952 eV. In
order to understandki and energy dependencies of the dipole
matrix element, calculations were carried out over the photon

energy range of 5–25 eV for each of the 20ki points con-
sidered in the (kx ,ky) plane.25 This set ofki points covers
both the bonding and the antibonding parts of the bilayer-
split FS of Bi2212.

III. RESULTS

A. ARPES spectrum of Bi2212

For orientation, Fig. 1 shows a typical computed one-step
ARPES spectrum for emission fromEF at 21 eV. The um-
klapp and shadow features3,4 are not included in this simula-
tion for simplicity. The imprints of the bilayer-split bonding
~B! and antibonding~A! parts of the FS are seen clearly and
are in remarkable accord with recent ARPES
experiments.3–5,7,26 The bonding band gives rise to the
X(Y)-centered hole sheetB. The antibonding band is respon-
sible for the electronlikeG-centered sheetA with a very nar-
row neck around theM point.2 The associated intensity ap-
pears somewhat diffuse due in part to the presence of a Van
Hove singularity in the electronic spectrum close toM. Note
that the polarization vector of the incident light~white arrow!
breaks the symmetry between the irreducible regionsG-Y-M
andG-M -X of the Brillouin zone. For this reason, we have
characterized thek points on theA andB FS’s in these two
regions by the indicated angleb, whereb.0 refers to the
upper half andb,0 to the lower half on the right-hand side
of the figure. The intensity from either theA or theB sheet is
zero along the nodal lineG-Y (b545°), but this is not the
case for the symmetrically placed nodal lineG-X for b
5245°. This is due to the fact that even though the momen-
tum matrix elementsMx andM y are nonzero in general, they
add~for the present polarization! destructively alongG-Y but
constructively along theG-X line.

FIG. 1. Gray scale plot~white denotes high! of the theoretical
ARPES intensity for emission from the Fermi energy athn
521 eV for tetragonal Bi2212. Light is assumed to be polarized
along@110# ~white arrow!. White and black stars give theki points
~corresponding to different anglesb) where the energy dependence
of the dipole matrix element for the bonding~B! and antibonding
~A! Fermi-surface sheets shown in Figs. 2 and 3 has been computed.
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As already noted, insight into the ARPES intensity can be
obtained by considering the momentum matrix element

^c̃ f upuc̃ i& which connects the relevant initial and final states
and the associated intensity

Ĩ 5uA•^c̃ f upuc̃ i&u2. ~7!

Figure 2 shows intensity computed by using Eq.~7! for a
series ofki points lying along the bonding and antibonding
FS sheets characterized by the angleb of Fig. 1. It is clear
that the dipole matrix element varies strongly with photon
energy andki . The main features in the intensity from both
bonding and antibonding bands are the two peaks athn
around 11 eV and 18 eV.

B. Contributions to photointensity from different sites

We next consider the extent to which Cu- and O-related
initial-state electrons are excited in the photoemission pro-
cess. Figure 3 gives site (g)-resolved contributions to the
photointensities obtained by taking into account only the
terms related to Cu or OCu sites of the CuO2 planes, i.e., for
g[Cu org[OCu,x1OCu,y in Eq. ~4!, where the correspond-
ing contributions from the two CuO2 planes are added to-
gether. Figure 3~a! shows the Cu contribution from the bond-
ing initial state as a function ofki and photon energy. The
intensity is seen to be practically zero indicating that, for
emission emerging from any part of the bonding FS, Cu sites
essentially do not contribute to the photointensity. In sharp
contrast, contribution from OCu sites in Fig. 3~b! is substan-
tial. In fact, the remaining sites in the crystal lattice~not
shown! are found to give little contribution, which explains
why the intensity pattern from OCu sites in Fig. 3~b! is quite
similar to the corresponding total intensity in Fig. 2~a!. Much
of the preceding commentary concerning the bonding FS is
also seen to be valid for the antibonding FS by looking at
Figs. 3~c!, 3~d!, and 2~b! and need not be repeated. The re-
sults of Fig. 3 thus substantially extend the observations
made in Ref. 2 at a singleki value @i.e., M (p,0) point# to
show that the ARPES matrix element is dominated by con-
tribution from OCu sites in the CuO2 planes over theentire
FS at photon energies below 25 eV. We have carried out

limited computations at higher energies and find that around
hn540 eV both Cu and OCu contribute roughly equally to
the photointensity.

C. Why copper electrons do not contribute?

Equations 2 and 6 make it clear that the value of the
momentum matrix element depends on the magnitudes and
phases of several component quantities, namely, the expan-
sion coefficientsCL

g,d of the initial and final states, the Gaunt
coefficientsGL,L8

a , and the radial integral termsBl ,l 8
g,d . Con-

cerning the character of theinitial statesof interest here, note
that the antibonding as well as the bonding initial states in
the vicinity of the FS in Bi2212 primarily consist of elec-
trons in the CuO2 bilayers, where the OCu,x , OCu,y , and Cu
atomic sites contain'80–90 % of the weight in the associ-
ated Bloch wave function.2 The primary Cu orbital involved
is dx22y2, while the most relevant OCu orbitals arepx and
py . The distribution of electrons between different sites and
orbitals changes as a function ofki , but in general the elec-
trons atE'EF are strongly concentrated in the vicinity of
the CuO2 planes.

Since the initial states of interest are mainly Cud and OCu
p type, from various possibleL→L8 transition channels in
Eq. ~6!, the dipole selection ruleD l 561 limits the L8 for
thefinal statesto the Cup andf states and OCu s andd states,
respectively. A handle on the availability of appropriate final
states~i.e., a substantial final-state coefficientCL8

g,d) is pro-
vided by the partial densities of states~PDOS’s! of the final

FIG. 2. IntensityĨ @Eq. ~7!# for ki points~given by the angleb
of Fig. 1! lying along the bonding and antibonding Fermi-surface
sheets in tetragonal Bi2212 over the photon energy range ofhn
55 –25 eV. Intensities have been smoothed to reflect the final-state
damping effect. Results in~a! and~b! are not normalized in relation
to each other.

FIG. 3. Contributions to the photointensities of Fig. 2 from Cu
and O sites in the CuO2 planes in the crystal lattice.~a! and~c! give
contributions from Cu sites for transitions from the bonding and the
antibonding initial states, respectively.~b! and~d! similarly refer to
the O sites. See caption to Fig. 2 for other details.
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states resolved into differentl 8 channels and sites, shown in
panels~a!–~d! of Fig. 4. In the case of Cu, Figs. 4~a! and 4~b!
show that the PDOS is substantial only in thep channel, the
value in thef channel being quite small, so that a significant
contribution to the matrix element is to be expected only
from the d→p transitions. Similarly, Figs. 4~c! and 4~d!
show that for the OCu-related final states, thed PDOS is
substantial so that thep→d transitions from OCu sites will
dominate. In short, the lack of Cuf-type and OCu s-type final
states in effect ‘‘blocks’’ the Cud→ f and OCu p→s chan-
nels in the allowed dipole transitions, such that only Cud
→p and OCu p→d excitations remain to be of interest in the
further analysis.

We next consider the termBl ,l 8
g,d of Eq. ~6! which is de-

fined by the radial integral of Eq.~3!. This term may be
thought of as the radial cross section associated with site
(g,d) for the transition froml to l 8 orbital. In Fig. 4~e! these
radial integrals are presented for the relevant Cu- and OCu-
related transitions. All the curves are seen to be smooth,
slowly varying functions of energy, although absolute values
vary greatly between different transitions. The Cud→ f and
OCu p→d excitation channels are the strongest, whereas the
Cu d→p and OCu p→s integrals are smaller and will attenu-

ate the related excitations. In view of the above discussion,
weakness of the Cud→p radial cross section is particularly
important, since Cud→p channel is the only Cu transition
channel that could have contributed substantially to the pho-
tointensity. It follows then that the OCu p→d is the main
transition channel in the formation of the momentum matrix
element for emission from the FS in Bi2212 at low photon
energies.27

Insight into the relative magnitudes of the OCu p→d- and
Cu d→p- related radial cross sections can be gained by con-
sidering the behavior of the initial- and final state radial
wave functions as shown in panels~f! and ~g! of Fig. 4. In
the case of OCu p→d transition, the initial and final states in
Fig. 4~f! are both nodeless and thus the integralBl ,l 8

g,d does not
change sign. By contrast, the wave function for the Cup final
state in Fig. 4~g! ~dot-dashed! possesses two nodes so that
when it is combined with the nodeless Cud initial-state ra-
dial wave function the integral oscillates in sign, yielding a
small value of the radial cross section for this transition. This
mechanism, where the nodes in the final-state wave function
play an important role, is reminiscent of the arguments made
in connection with the origin of the Cooper minima28–30ob-
served in photoionization cross sections of atomic systems at
higher photon energies.31 Putting it all together, the discus-
sion in this section shows that even though the initial states
at the FS in Bi2212 possess considerable Cud character,
these states contribute little to photointensity forhn
<25 eV due to a combination of two effects: Thed→ f
channel is suppressed due to the lack of availablef-type final
states, while thed→p channel possesses a weak radial cross
section.32

IV. SUMMARY AND CONCLUSIONS

We consider the nature of ARPES spectra from Bi2212
for emission from the Fermi energy. Over the 5–25-eV pho-
ton energy range, the spectra are shown to display remark-
able spatial selectivity properties in the sense that emissions
are dominated by excitation from just the O sites in the CuO2
planes, even though the initial-state wave functions involved
possess substantial Cu character. This selectivity applies to
the bonding as well as the antibonding FS sheet and holds
throughout the (kx ,ky) plane. Insight into the origin of this
effect is obtained by considering the dipole matrix element
for transitions between the relevant initial and final states and
by decomposing this matrix element into contributions aris-
ing from individual sites in the unit cell in various angular
momentum channels. Our analysis reveals that, of the two
possible channels for exciting Cud electrons (d→ f and d
→p), the d→ f channel is suppressed by the lack of avail-
ablef-type final states, while thed→p channel is effectively
blocked due to a small radial cross section@i.e., the termBl ,l 8

g,d

in Eq. ~6!#. Similarly, of the two possible channels for Op
electrons (p→s andp→d), thep→s channel is suppressed
since fews-type final states are available, leaving a signifi-
cant contribution to the spectrum from only the Op→d
transitions. It turns out that the presence of nodes in the
final-state wave function tends to reduce the radial cross sec-

FIG. 4. Left-hand side: PDOS’s for final states are presented as
a function of energy above the Fermi energyEF for the most rel-
evant angular momentum channels.~a! and~b! show the PDOSs of
Cu p and f, and~c! and ~d! show the Os andd final states. Right-
hand side:~e! gives the radial integral termBl ,l 8

g,d of Eq. ~6! for
indicatedl→ l 8 transitions from the bonding initial state atb50°
~nearM point! as a function of the final-state energy. The data with
crosses~squares! is for Cu (OCu) sites of the CuO2 planes. In~f!
and ~g!, typical initial-~solid! and final-~dash-dotted! state radial
wave functionsRl 8

b (r ) and Rl
b(r ), respectively, are shown as a

function of radiusr for OCu p→d and Cud→p transitions, respec-
tively. The dotted line shows the behavior of the radial overlap
integral @Eq. ~3!#.
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tion, which is reminiscent of the Cooper minimum–type ef-
fect in photoionization cross section of atomic systems. Lim-
ited computations at higher photon energies show that the
contribution from Cu sites increases at higher energies, and
that by around 40 eV, the Cu and O states are excited roughly
equally in the spectrum.

Our prediction that ARPES can preferentially sample Cu
or O states by tuning the photon energy suggests possibilities
for exploiting energy dependent ARPES spectra for probing
initial-state characters. An exciting example in the cuprates
would be to test the Zhang-Rice mechanism12,13 and poten-
tially to deduce experimentally the value of the HubbardU
parameter as a function of doping. Zhang and Rice noted that
largeU greatly restricts double occupancy of Cu orbitals, so
that the first holes doped at near half filling—equivalently,
the states at the top~high-energy part! of the lower Hubbard
band—should have strong O character. Thus, even though
ARPES cannot see the upper Hubbard band~and hence can-

not measureU directly!, it should be possible to adduceU by
measuring the relative Cu/O character of states along the
lower Hubbard band, and comparing this to predictions of
appropriate model computations. A direct determination of
the doping dependence ofU would be an important confir-
mation of recent results and predictions.14
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