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Using band-structure theory, we calculate the O ls and Cu 2p x-ray-absorption spectra of
YBaxCu307. The former spectra are in rather good agreement with experiment, showing that the
peaks in the low-energy region are due to the van Hove singularity in the chain band. Using
core-exciton theory, we argue that this van Hove singularity can survive the strong Cu2p-3d

Coulomb interaction, giving rise to the “satellite” in the chain Cu 2p spectrum.

A central issue in the field of the high-7, superconduc-
tors is the importance of correlation effects. Triggered by
the observation of rather strong antiferromagnetism at
half filling it is quite fashionable to believe that the high
T.’s are characterized by strong electronic correlations,
and much speculation has been put forward pointing to a
non-Fermi-liquid ground state in these materials and ex-
otic superconductivity. The importance of correlation
effects can be studied directly using electron spectroscopy
and related techniques. The observation of satellites in
the photoemission spectra' indicates that correlation
effects are playing a role. However, recent observations
seem to point to a more conventional bandlike picture. In
angle-integrated spectra, Fermi edges and a BCS-like
gap? have been observed, and dispersions have been found
in angular-resolved photoemission spectra.’> However, it
is not yet settled how the total band structure is renormal-
ized and in first instance one would like to know how the
highly dispersive Cu3d-02p o-type bands* are affected.
Using the equivalent techniques of core-excitation
electron-energy-loss spectroscopy’ and x-ray absorption
(XAS),%7 the interesting unoccupied part of these bands
has been studied intensively. Especially in the case of
YBa,;Cu307, these data contain a wealth of information.
However, up to now no convincing interpretation of these
data has been put forward and we will show in this Rapid
Communication that an appealing picture can be extract-
ed from conventional band-structure theory.

In Figs. 1 and 3 we reproduce the O 1s and Cu 2p ab-
sorption edges for different polarizations as obtained by
Niicker etal.’ for YBayCu3O;. In the former case, the
excitation O 1ls— O2p is studied and the observation of
spectral density at low energies is a clear indication of O
2p character in the unoccupied density of states (DOS).>
In the latter case, the 3d-unoccupied DOS is sampled
(Cu2p— Cu3d), biased by strong core-excitonic effects
because of the large Cu2p-Cu3d Coulomb interaction
(Upa). For the O Ls edge it is well known® that excitonic
effects are essentially negligible. Finally, it is now well es-
tablished that the spectra obtained using c-polarized light
(or electrons) correspond with chain atoms while in a-b
polarization mostly the local DOS in the planes is sam-
pled.’

At first sight these data are confusing: What is the ori-
gin of the rather narrow peak seen at low energy in the c-
axis O spectrum? Why is there a similar peak in the a-b
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plane O spectrum, although at higher energy than in the
former case, while a shoulder appears directly at thresh-
old? What is the origin of the “satellite” in the Cu 2p c-
axis spectrum (Fig. 3), which is absent in the plane direc-
tion?> It has been argued® that this satellite corresponds
with a pd'°L, and the main line with a pd '° final state,
originating from initial states with (d°L), and without
(d”) and additional O 2p hole (L) introduced by doping.
However, in this interpretation the absence of a satellite in
the a-b spectrum would imply that there are no holes in
the planes, which is highly unlikely.

With respect to the O 1s edges, a key observation is that
the core hole of the O(4) atom (connecting planes and
chains) has a different chemical shift from the plane O
[0(2),0(3)] and the connecting chain O [O(1)] core
holes (see also Ref. 5). The difference in chemical shifts
may by estimated using local-density approximation
(LDA) by calculating the different O 1s core levels using
the self-consistent potential. One finds that the O(4) 1s
level is shifted by 1 eV towards higher energy, compared
to the other O 1s levels which are nearly degenerate.
Thus, in order to compare the c-axis O 1s spectrum with
the a-b spectrum, the former should be shifted by 1 eV to
higher energy with respect to the latter, assuming that the
c-axis spectral weight mainly comes from O(4). In this
case, the peak in the c-axis spectrum is removed from
threshold and coincides with the peak in the a-b spec-
trum, pointing at a common origin.

In Figs. 1(a) and 1(b) we compare results obtained
from LDA calculations using the linear-muffin-tin-orbital
method in the atomic-sphere approximation method® with
experiment. In the lower panel we show the theoretical
x,y (xa,b) [Fig. 1(a)]l and z (e«c) [Fig. 1(b)] com-
ponents of the 2p local DOS (LDOS) of the different oxy-
gens.'® In Fig. 1 we also show the results obtained, taking
the optical dipole-matrix elements explicitly into account.
As can be seen, the matrix element effects are especially
important in the conduction-band region, above =4 eV.
This is probably due to the strongly antibonding nature of
the O 2p orbitals in this region.!" From Fig. 1, it is seen
that the valence-band region (below 4 eV) is reproduced
quite nicely by the calculations. The LDA c-axis result
shows a large peak coincident with the peak in the experi-
mental spectrum, and in the a-b plane the same peak is
found and, in addition, a shoulder at threshold. These
structures have a simple interpretation: the c-axis peak is
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FIG. 1. O 1s absorption edges for (a) a-b and (b) ¢ polarized
light. Filled circles are the experimental spectra (Ref. 5), solid
lines in the upper panels are the full LDA results, and in the
lower panels the various 2p LDOS of different oxygens is shown.

due to the van Hove singularity at the top of the one-
dimensional (1D) chain band, as it shows up in the local
2p. DOS of the O(4) atom. The peak in the a-b spectrum
is also due to this band singularity which is now sampled
by the O(1) 2p, orbital. This a-b peak is superposed on a
large background, coming from the two-dimensional
bands, sampled by the four oxygen atoms in the planes.
Apparently, the only significant discrepancy is that LDA
puts too much weight in the chain band near the Fermi
energy.

Turning to the Cu 2p spectra, it is clear that a simple
comparison, as we presented for the O 1s edges, does not
make sense because of the strong influence of the core
hole. However, if the Coulomb interactions between the
valence electrons can be effectively neglected, it is well
known how to work out the problem.'? The ground state
(®y) can be written as a Slater determinant containing
the lowest N, ground-state orbitals ¢, (we only consider
one spin direction with N, electrons per spin direction).
The final states (¥,) consist of determinants of size
N, + 1, which are constructed using the one-electron orbit-
als in the presence of the core hole (y;). Neglecting opti-
cal dipole-matrix element effects, the spectral density is
given by

ple) =§ [{w,|d"| o) |28(e— Ef+Ey), 1)

where d;' creates a (d) electron at the core-ionized site
(i), and E¢ and E; correspond with the sums of the orbital
energies in the ground state and the fth final state, respec-
tively. The total overlaps in Eq. (1) can be rewritten in
terms of the Slater determinants of the orbital overlap
matrix elements (¢y | y;> and (y;|d;"|0) where O repre-
sents the vacuum state. Because the final-state orbitals
are nonorthogonal to the ground-state orbitals for a finite
core-hole potential, this leads to a highly nontrivial prob-
lem.

Not much is known theoretically'® about how the total
line shape is affected in narrow-band systems. Band
filling is, in this respect, an important parameter. It is
easy to see that in an empty-band system Eq. (1) reduces
to the final-state LDOS. This should also hold approxi-
mately in nearly empty band systems, as has been verified
for the early 3d’s.'* However, the case under considera-
tion is much closer to the nearly filled band limit. Stated
more precisely, a way to picture (believing LDA) the
chain z2-y? (or plane x2-y?2) bands is by first hybridizing
the oxygens, resulting in a bonding and a partly filled anti-
bonding band, and then including the Cu-O mixing,
transferring some 3d weight in the antibonding band, '’
i.e., according to LDA the total d-hole count in the chain
band ((ny(,2.,2))) is quite low (=0.4). In the limit that
(ng)— 0, the XAS spectrum would resemble the initial
state d-LDOS, as if there is no core hole. This is straight-
forward to prove from Eq. (1). The physical reason can
easily be seen from a configuration interaction considera-
tion; for {ny)— 0, the ground state can be written as a
linear combination of a |d'°) state and |d°e) states
where ¢ indicates an electron in the unoccupied part of the
band at energy & The final states are then |pd'%) and
the probability to occupy these is equal to their weight in
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the ground state, i.e., the initial state d-LDOS. Thus, in
this limit the 1D band singularity would show up in the
Cu(1) spectrum as if there is no core hole.

At the finite hole count, as realized in the high T.’s,
things are more complicated. We investigated this prob-
lem by studying numerically a three-band model mimick-
ing the chain electronic structure:'® We took, per unit
cell, the Cu(l) z2-y? orbital, two p, orbitals of the
O(4)’s, and the p, orbital of O(1). In order to get an im-
proved description of the occupied part of the DOS we
augmented the model with O(4)-O(1) nearest-neighbor
hopping (¢, = —1.2 eV) and we used A=1.2, a=1, and
t=—1.2 (all in eV) as parameters. !¢ Using a band filling
such that the upper antibonding band is 3 empty, 0.4 out
of the % holes are found to have dzz_yz character, as in the
LDA calculation. Finally, in order to represent the core-
hole potential, we added the term Upgn.ny; to the Hamil-
tonian, where n. and ny; represent the number operators
for the core hole and d electron at the core-ionized site i.
The XAS spectrum can now be easily calculated using the
fact that the spectral weight sum rule is rapidly exhausted
in a finite system'’ (we used a 90 unit-cell supercell), us-
ing an appropriate set of excitations: As a reference set
one takes determinants containing the lowest NN, final-
state orbitals and one electron in a higher orbital (set 0).
With respect to this reference set, excitations are con-
structed containing one, two, etc., additional electron-hole
pairs (set 1, set 2, etc.). In the cases considered by us,

> 95% of the total intensity was already contained in sets
0 and 1. In Fig. 2 we show results for the XAS spectra
and the final state z2-y2 LDOS, using values for Upy
spanning the range relevant for experiment [according to
core x-ray photoemission spectroscopy (XPS), Ups=8 eV
(Ref. 18)]. From the final-state LDOS it can be seen that
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FIG. 2. Results of model calculations for the chain Cu 2p ab-
sorption spectrum for different core-hole potentials (solid lines).
Dashed lines indicate the final state z2-y2 LDOS (electron/
atom/eV).
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the d weight above Er is strongly reduced in the presence
of the core hole, and for this model most of the weight
goes into a bound state far below the Fermi energy (not
indicated in the figure, the bound state at the bottom of
the antiboriding band has only little d weight). Exciting
the deep bound-state electron to unoccupied states gives
rise to the core-XPS satellite.!> In XAS these excitations
do not contribute and nearly all the weight is concentrated
in the valence-band region. As can be seen, a finite Upy
results in a peak at threshold which get sharper for an in-
creasing core-hole potential.'> However, a clear shoulder
is seen at larger energy, coinciding with the band singular-
ity in the LDOS. The weight of this shoulder, relative to
that of the threshold peak, is of the same order for 5
eV <U,; <10 eV as the experimental “satellite” main-
line-intensity ratio in the Cu(l) spectrum. In order to
check that this shoulder is indeed related to the 1D van
Hove singularity, we studied a similar plane model where
such a singularity is missing. In this case, no sign of a
shoulder is found and instead a single asymmetric line is
found,5 in agreement with the experimental Cu(2) 2p spec-
trum.

Although we have shown that, in principle, the van
Hove singularity should show up in the chain Cu spec-
trum, we do not find a well-developed satellitelike feature
in the model results. In this respect it is interesting to
consider the LDA Cu(1) LDOS. Because the core-hole
potential is a very local perturbation, the LDA Cud-
LDOS in the presence of the core hole can be well approx-
imated by !°
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FIG. 3. LDA chain Cu z2-y2 LDOS in the absence and pres-
ence of an approximate core-hole potential, compared to experi-
ment (filled circles) (Ref. 5).
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where gb is the Green’s function obtained from the unper-
turbed LDA-LDOS of a particular local symmetry (i) at
one of the Cu sites. At the Cu(1) site, the vast majority of
unoccupied d states is of z2-y2 character and in Fig. 3 we
show the dzz_yz LDOS, together with results for a finite
core-hole potential, obtained from Eq. (2). The large
difference with the model results (Fig. 2) is that according
to LDA the 1D band singularity shows up in the LDOS as
a peak, even in the presence of a large core-hole potential.
This turns out to be a very special property of the LDA-
LDOS: We did not succeed in finding a simple model
having this feature in common with LDA. Although there
is no simple relationship between the final-state LDOS
and the spectrum (the initial-state LDOS is probably the
first thing to consider), it might well be that this addition-
al final-state LDOS feature can lead to a further sharpen-
ing of the van Hove singularity “satellite.”

In summary, we have shown that puzzling features in
the XAS spectra of YBa;Cu3O; can be explained in a
band-structure framework. Can we draw from this some
general conclusions concerning the electronic structure of
high-T, materials? First, an attempt similar to ours failed
dramatically for the compounds La,CuO,4 and YBa,Cus-
0¢.2 In fact, one can deduce from the spectra that in
these antiferromagnets a gap is present of about 2 eV,
which is absent in the band calculations.”® From a

theoretical viewpoint, interesting physics would be expect-
ed if this gap would persist in the doped samples,?' as in
the strong-coupling material NiO.2> However, if our in-
terpretation is correct this gap has completely vanished in
the superconductors and, instead, the band structure looks
rather normal, pointing at a Stoner-like picture?® for the
breakdown of the magnetism due to doping. However,
even these arguments cannot disprove the existence of a
non-Fermi-liquid ground state. Our interpretation of the
peaks in the spectra as being due to the van Hove singu-
larity seems to imply that single-particle momentum is
quite a good quantum number. On the other hand, recent
model calculations?* seem to indicate that, at least in 1D,
spinless fermionlike behavior is found also at a finite U,
giving rise to bandlike behavior in the LDOS, while the
low-energy quasiparticles (heavily dressed by spin fluctua-
tions) are highly complicated. In this respect, the overes-
timation of spectral weight at threshold, in the c-axis O 1s
spectrum, is quite interesting. This may hint at something
more complicated than a simple one-particle band struc-
ture in these materials.
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