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High-resolution x-ray emission spectroscopy measurements have been performed on sintered
samples of La2Cu04, La&»Sro»Cu04 q, YBa2Cu307 q (5(0.1), and compressed polycrystalline
Bi2Sr,CaCu&08+t;. The Cu La and 0 Ka emission bands, which re6ect the local partial Cu 3d and

0 2p states, respectively, are compared to photoelectron spectra and ground-state local-density-
approximation (LDA) densities-of-states (DOS) calculations. Our results show that solid-state
effects are dominant. In particular, the differences in shape of the 0 Ka emission bands follow the
trends predicted by LDA, although it must be stressed that they mainly arise from 0 2p states at ox-

ygen sites not directly involved in the Cu-0 planes. The Cu-side 3d states, on the other hand, vary
little from one cuprate to the next and are more strongly localized than expected from LDA predic-
tions. The Anderson-impurity model calculations of Kotani and co-workers are discussed, and it is
concluded that they provide a satisfactory explanation of the Cu La emission data, which reQect

strong on-site Coulomb interaction. We conclude that the apparently good agreement between
LDA-calculated DOS and low-energy photoemission experiments recently reported results from the
high sensitivity of the latter to 0 2p states. Discrepancies are to be expected in excitation spectra
that involve mainly 3d electrons.

I. INTRODUCTION

The majority of experimental studies on the electronic
structure of high-T, superconductors has relied on x-ray
photoelectron spectroscopy (XPS), ultraviolet photoelec-
tron spectroscopy (UPS), or photoelectron spectroscopy
(PES) performed at intermediate excitation energies by
means of monochromatized synchrotron radiation (see,
for instance, Refs. 1 —10). High-resolution UPS per-
formed below T, has recently revealed the presence of a
superconducting gap in Bi2Sr2CaCu208 single crystals
as predicted by BCS theory. Other very recent PES
data9'0 tend to support the single particle picture of the
local-density approximation (LDA) to the density-
functional theory. This comes at a time when efforts are
being made to include on-site Coulomb interaction to
help interpet just such experiments. " ' This is certain-
ly a major issue since the size of the Coulomb interaction
is an important ingredient of the theoretical models
currently being developed to explain the magnetic and su-
perconducting properties of these compounds (see, for in-
stance, Ref. 14). We know that the bulk of the valence
electrons belongs to the Cu-0 network so the first step is
to determine the degree of localization or hybridization
of the Cu 3d states and 0 2p states.

To a certain extent such information is forthcoming
from the valence-band densities of states (DOS} obtained
from PES experiments because the photoionization cross
sections for Cu 3d and 0 2p electrons vary differently
with photon energy (see Ref. 10). A more directly site

selective technique is provided, however, by x-ray emis-
sion spectroscopy (XES) since it involves transitions to a
localized core hole within the potential well of a particu-
lar ionized atom (see, for instance, Ref. 15}. To be more
precise XES probes the local DOS averaged over all the
sites of each constituent element separately and, because
dipole selection rules apply, the x-ray emission process is
also symmetry selective. It follows that the Cu La
(3d-+2p3/2) and 0 Ka (2p~ls) x-ray emission bands
can provide unique information on the local partial Cu
3d and 0 2p electronic structure in these complex materi-
als. Compared to PES experiments, very few XES experi-
ments on high-T, materials have been reported so
far 15—22

In this paper we compare high-resolution x-ray emis-
sion spectra from three classes of perovskite-type super-
conductors. The superconductors investigated are
La& s5Sro &5Cu04 s, YBazCu307 s (5 (0.1), and
Bi2Sr2CaCu208+&, they are hereafter referred to as La-
Sr-Cu-O, Y-Ba-Cu-O, and Bi-Sr-Ca-Cu-O, respectively.
In addition we examine an undoped semiconducting
La2Cu04(La-Cu-0) sample. In Sec. II we briefly draw at-
tention to some difficulties which are encountered in such
experiments and the results are presented in Sec. III. The
discussion (Sec. IV} underlines the main discrepancies be-
tween ground-state LDA calculations and our observa-
tions. We assess the initial and final state ionization
effects which partly explain these differences with the aim
that XES may ultimately serve as a test for the proper in-
clusion of electronic correlation in LDA calculations.
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ence emission lines (for further details see Ref. 21). The
XPS core-level binding energies used to set the x-ray
emission bands on a binding energy scale were taken
from the literature and are summarized in Table I.

III. RESULTS

A. Cu La

In Fig. 2 we present the raw data for Cu La emission
bands for La-Cu-0 and the superconducting compounds
on an x-ray transition energy scale. The Cu La spectrum
from each compound is strikingly similar. In particular
the Cu La peak positions are identically 929.7 eV. It is
instructive to compare the width and shape of the same
data for elemental copper and CuO (Fig. 3). The emis-
sion from the element has weak structure at 928 and 929
eV which compares well with peaks in the one-electron
ground-state DOS (Ref. 29) at 3 and 4 eV binding energy
[Fig. 3(c)]. Structure at higher x-ray transition energies
in the elemental Cu spectrum is attributed to multiple
ionization satellites, however. ' ' They are irrelevant to
the valence band DOS. Similar features centered at
about 931 and 934 eV are also observed for the com-

pounds. They explain the asymmetry of the Cu Lu emis-
sion bands. The amplitude of the 931 eV structure ap-
pears to increase as we go from La-Cu-0 to Bi-Sr-Ca-
Cu-O. We note, however, that it coincides in energy with
the strong Cu L3 absorption peak, ' so its intensity will
be very sensitive to self-absorption effects which, in turn,
will depend critically on the composition of the material
under study. This makes it difficult to establish whether
there is a band-structure effect or not. In view of this,
bandwidths are best estimated by fitting an appropriate
function to the low-energy side of the spectrum. It turns
out that a satisfactory fit is obtained using a Lorentzian
profile with 2.0 eV full width at half maximum (FWHM)
for all the high-T, compounds but it is appreciably nar-
rower (1.6 eV FWHM) for CuO. '

The difference in width between CuO and the high-T,
compounds, despite the same dominant structural feature
of Cu atoms surrounded by four oxygens, may be related
to the fact that the Cu-0 units in CuO share a common
edge (90' cation-anion-cation interaction) whereas they
share a common corner in the other compounds (180'
cation-anion-cation interaction). Figure 4 summarizes
the theoretical Cu d DOS calculated from the fu11-

potential linearized augmented-plane-wave (FLAP W)
band structure. ' Their shape changes appreciably as a
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FIG. 2. Cu La emission band for La&Cu04 and three super-
conducting cuprates.

FIG. 3. Cu La emission band: (a) CuO; (b) YBa2Cu307 (c)
elemental copper. Also shown in (c) is the theoretical DOS tak-
en from Ref. 29. Lorentzian fits are shown as a solid line.
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function of the compound and has nothing in common
with our observations.

B. OKa

In Fig. 5 we present the 0 I( a emission band data.
Here we note appreciable differences in shape and peak
positions between compounds. Y-Ba-Cu-0 and Bi-Sr-
Ca-Cu-0 give strongly asymmetric 0 Ea bands with a
relatively sharp cutoff towards higher x-ray energies,
while La-Cu-0 and La-Sr-Cu-0 have almost symmetrical
band shapes. The FWHM of the La-based compounds
and Bi-Sr-Ca-Cu-0 is -3 eV; it is 2.6 eV for Y-Ba-Cu-0.
In considering these values the restrictions concerning

(G) Bi2Sr2CaCu208

i I I

(b) YBa2Cu&07

Cu(2)

band shapes towards low energies mentioned in Sec. II
must be borne in mind (so must the effect of self-
absorption on the high-energy edge of these spectra).
However, they remain significant taken comparatively.
The emission bands peak at 525.7 eV for the two La com-
pounds, and 526.3 and 526.1 eV for Y-Ba-Cu-0 and Bi-
Sr-Ca-Cu-0, respectively.

The significant differences in band shapes may be un-
derstood in terms of band-structure effects. In Fig. 6 we
show the component 0 p DOS according to the FLAPW
calculations. ' For Cu-0 plane oxygen states there is a
dip between the dpo bonding and antibonding states. In
La-Cu-0 this gap is filled in by the contribution from
0(2) apical-oxygen states (this is also the case for the
doped La compound ). In Y-Ba-Cu-0 most of the
weight is towards the Fermi energy (E~) for all the oxy-
gen sites. Bi-Sr-Ca-Cu-0 differs from Y-Ba-Cu-0 in two
important respects: The 0(3) apex oxygen lies closer to
Cu than in Y-Ba-Cu-0 (-2.05 A instead of -2.3 A)
and the oxygen in the Bi planes [0(2)) contribute a nar-
rower band between the dpcr bonding and antibonding
bands. In other words, the calculated DOS for oxygen
sites which do not lie in the Cu-0 planes can apparently

I
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FIG. 4. Calculated local Cu d DOS per unit cell: La-Cu-0
from Ref. 32; (b) Y-Ba-Cu-0 [Cu(1): Cu-0 chains; Cu(2): Cu-0
planes] from Ref. 32; (c) Bi-Sr-Ca-Cu-0 from Ref. 33.

FIG. 5. 0 Ka emission band for LazCu04 and three super-
conducting cuprates.
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(c) Bi2Sr2CaCu208

o(~)

explain the differences observed in the 0 Ea bands for
the three types of compound.

IV. DISCUSSION

o(2)

o(l)

(b) YBa2Cu307
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FIG. 6. Calculated local 0 p DOS per unit cell: (a) La-Cu-0
[0(1): Cu-0 planes; 0(2): apical (La planes)] from Ref. 32; Y-
Ba-Cu-0 [0(1): Cu-0 chains; 0(2,3): Cu-0 planes; 0(4): api-
cal] from Ref. 32; (c) Bi-Sr-Ca-Cu-0 [0(1): Cu-0 planes; 0(2):
Bi planes; 0(3): apical (Sr planes)] from Ref. 33.

So far we have shown that the main features of the
spectra can be qualitatively explained in terms of the
gross structural differences, but that there are major
discrepancies between LDA calculations and these exper-
iments especially as far as the Cu-site d states are con-
cerned. In contrast to the broad Cu 3d —02p hybridiza-
tion of the LDA ground state, the Cu La spectra show
rather well localized Cu 3d states. Independently from
arguments concerning the validity of the LDA descrip-
tion, there are two possible reasons for this major
discrepancy. One may be that the ground state cannot
serve as a good approximation to the excitation spectrum
because on-site Coulomb interaction is large (see, for in-
stance, Ref. 35}. The other may be that the Cu 2p core
hole initial state in the x-ray emission process may be an
important perturbation.

The effect of the initial core hole state in the x-ray
emission process has been widely discussed in the litera-
ture (see, for instance, Ref. 37). The recurring assump-
tion has been that even in d-electron compounds the
final-state rule is applicable, i.e., in the case of x-ray emis-
sion the transition matrix element involves wave func-
tions for the potential without the core hole. The ap-
proximation has been justified for transitions involving a
free-electron-like band. In other cases the justification
rather lies with the difBculty of correctly dealing with the
many-body problem. Very recently the XES Cu 3d ~2p
transition has been calculated by means of a Hamiltonian
which includes the 2p core hole potential within the
framework of the Anderson-impurity model. It is cal-
culated on the same footing as the Cu 2p x-ray absorption
spectrum (XAS) and the Cu 2p and Cu 3d XPS spectra.
In accord with XPS experiments, the theoretical Cu 2p
core-level spectrum consists of two intense features. The
more intense and least bound peak has the 2p 3d' L
configuration (L indicates charge transfer from the ligand
to the Cu site}. The other corresponds to the 2p 3d
configuration. Both configurations contribute to the in-
itial state of the x-ray emission which may thus reflect the
sum of 3d and 3d L final states. The two initial states
are so well separated that they do not hybridize and both
initial-to-final state energy difFerences are about equal so
the two component emissions overlap.

If we can assume that the final state of the Cu La emis-
sion consists mainly of 3d L states, ' it should give
comparable information to photoelectron spectra. The 0
Ka bands which as we have seen (Sec. II} relate well to
the LDA 0 2p partial DOS should also be comparable to
the photoelectron spectra.

In fact as we have previously pointed out, ' ' ' experi-
mentally the 2p 3d' L XPS line is broader than the Cu
La signal in these compounds. Several explanations for
its width have been given: juxtaposition of Cu+, Cu +,
and Cu + contributions, ' delocalization of the ligandp
band, multiplet splitting, ' or shake-up (2p 3d' L ) and
shake-down (2p 3d' ) satellites. The fact that XES
data are narrower than the XPS Cu 2p3/2 signal rather
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accredits one of the latter two explanations.
To compare our spectra with PES data we have placed

the Cu La and 0 Ea emission bands on a binding energy
scale using the XPS Cu 2p3&2 (main line) and 0 1s core-
level binding energies (Table I). For the high-T, com-
pounds the Cu La emission bands lie at -3.4 eV and this
value agrees well with the XPS valence band spectra
which are dominated by states with d symmetry. In
Figs. 7 and 8 we compare our data with high quality PES
measurements taken at 50 eV photon energy on single
crystals of, respectively, Y-Ba-Cu-0 (Ref. 10) and Bi-Sr-
Ca-Cu-0 (Ref. 9) cleaved and maintained at very low
teinperatures and with the FLAPW and total DOS for
Y-Ba-Cu-0 (Ref. 44) and Bi-Sr-Ca-Cu-0 (Ref. 33}.

The main valence band intensity for Y-Ba-Cu-O, with
background subtracted, is situated at 2.0 eV. ' This
agrees quite well with the 0 Ea peak position at 2.4 eV.
For Bi-Sr-Ca-Cu-0 the main 0 2p intensity according to
our x-ray data is at 2.6 eV with a shoulder at 3.5 eV. The
main peak in the photoelectron spectrum this time lies at
about 3.2 eV, i.e., above the XES value. Constant-
initial-state (CIS) photoelectron spectroscopy performed
to help identify the character of the spectral features of
the Bi-Sr-Ca-Cu-0 valence band shows resonances at ini-
tial state energies (E;}of 1.5 and 2.8 eV for photon ener-
gies in the region of the 0 2s ionization threshold. This
clearly identifies the energy position of the main 0 2p

components. On the other hand CIS data taken at
E, =3.2 eV show a slight dip in intensity at the Cu 3p
threshold indicating a relatively low 3d DOS in this re-
gion. " FLAPW DOS calculations (Fig. 6) indicate that
the 0(1}(Cu-0 plane), 0(2) (Bi-0 plane), and 0(3) (Cu-0
apex) 2p states peak at —1, -2.6, and —1.7 eV, respec-
tively. If the FLAPW DOS are shifted 0.5 —j. eV to ob-
tain a better fit with experiments, we can conclude that
the 0 2p states which contribute to the intensity at 3.2 eV
in the low-energy PES data are mainly from 0(2) states.
The fact that these 0(2) states only appear as a shoulder
in the 0 Ka band and that the Cu La emission situates
the 3d states at 3.4 eV suggests that both Cu 3d and 0(2)
2p states contribute to the photoelectron spectrum at 3.2
eV.

Thus from the above arguments we can tentatively as-
sume that, subject to appropriate allowance for cross sec-
tion effects, the Cu 3d and 0 2p final states probed sepa-
rately by XES are indeed those probed by PES and that
the perturbation caused by the core hole in the initial
state of the x-ray emission process is small. As opposed
to earlier data, the very recent photoelectron spectra
shown in Figs. 7 and 8 provide much improved agree-
ment between one-electron ground-state band-structure
calculations and experiment. ' This kind of agreement
is in fact what we' and others have established for the
0 Ka emission band data and 0 2p partial DOS.
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FIG. 7. Cu La and 0 Ka emission bands (top panel), PES
valence band taken from Ref. 10 (middle panel), and DOS taken
from Ref. 44 for YBa2Cu30, (bottom panel).

FIG. 8. Cu La and 0 Ka emission bands (top panel), PES
valence band taken from Ref. 9 (middle panel), and DOS taken
from Ref. 33 for BizSr2CaCu208 (bottom panel).
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Also shown are (c) the experimental Mg Ka-induced XPS spec-
trum (Ref. 43); (d) the FLAPS d DOS (Ref. 32); (e) the Cu La
emission band (this work).

Thus it appears that the two main obstacles to consid-
ering that the excitation spectra of these cuprates are
adequately described by LDA (at least in their metallic
phases) are the photoelectron spectrum satellite at —12
eV which is known to have d character and the Cu La
spectrum which appears to reAeet a narrow 3d band. Un-
fortunately, attempts to include on-site d-d Coulomb in-
teraction to account for the extra hole in the excitation
spectrum within the framework of LDA are in a too early
stage of development to justify confrontation with our re-
sults. Hence we look more closely at alternative ap-
proaches already capable of treating a two-hole system in
the presence of large Coulomb interaction, namely the
Anderson-impurity model ' ' ' and cluster rneth-

d 49, 50

In this respect CuO serves as a convenient prototype
for the superconductors insofar as they can be described
by a (Cu04) cluster in D4& symmetry. In Fig. 9 we
give the Cu La emission band of CuO (Ref. 21) compared
to the FLAPW 3d DOS, the XPS spectrum, the d
spectral weight of a cluster calculation, and an
Anderson-impurity model. As mentioned in Sec. III we

would expect a strong localization of the Cu 3d states
even in the bulk materials from the 90' Cu-0-Cu bonding
which for instance means that the d ~ & orbitals fromx —y
neighboring Cu atoms hybridize with different (orthogo-
nal) 0p„orbitals. It follows that the absence of transla-
tional symmetry inherent in the cluster model is not as
drastic an approximation for CuO as in the high-T, com-
pounds where the 3d band is expected to be more disper-
sive as a result of 180' bonding.

Indeed the FLAPW d DOS for CuO (Ref. 32) correctly
predict the strong localization of the Cu 3d states but the
main peak lies too close to EF compared with both XPS
and XES data. Furthermore a high-binding-energy
shoulder is predicted but not observed in the Cu La spec-
trum.

The obvious advantage of both the cluster calculation
and the Anderson-impurity calculation is that they
correctly predict, at least qualitatively, the 3d final state
satellite, but little can be asserted concerning energy posi-
tions because of the large number of adjustable parame-
ters required. Eskes et al. show that if the Coulomb in-
teraction is set to zero, the d-spectral weight from the
cluster calculation is in excellent agreement with an LDA
DOS calculation. ' ' They both show up the high-
binding-energy shoulder in the d states [Figs. 9(a) and
9(b)] which coincides with the main peak in the 0 p
states. In the two-hole XPS excitation spectrum calculat-
ed with the cluster model there is a weak shoulder to the
low-binding-energy side of the main peak and a broader,
more intense shoulder to the high-binding-energy side.
Similar features are found in the Anderson-impurity cal-
culation. An analysis of the eigenstates performed by
Eskes et al. shows that the main peak and shoulder
correspond to 3d L final states. Thus we would expect a
shoulder to show up in the Cu La spectrum, whereas in
fact only a very weak hump is observed -3 eV below its
peak position [see Fig. 3(a)].

Using the arguments put forward by Tanaka et al. to
describe the Cu La emission from La-Cu-O, and assum-
ing the D4& symmetry, we note that the initial states of
the x-ray emission process must be 2p 3d (b, } and
2p 3d' L(b, g ). The notation indicates that the hole has
b, g symmetry and that it is either on a Cu 3d 2 2 orbitalx
(in which case the initial state is subject to the strong on-
site Coulomb interaction between the core hole and the
valence hole) or is on a ligand site. The largest contribu-
tion to the valence DOS comes from the d, states (d,
stands for degenerate b2 and e symmetry states related
to the 3d„and 3d„, , orbitals).

In the Cu-site x-ray emission process the
2p 3d' L(b, ) initial state will mainly give rise to a
3d (d, )L(b, ) final state while 3d (b, )L(d, } will have

negligible probability. Thus the Cu La emission picks
out primarily the d, states and this explains why a single

peak is observed. The XPS spectrum on the other hand
includes contributions from both 3d (b

&
)L(d, ) and

3d (d, )L(b&s) configurations which will give rise to two
peaks if Ad, Whb& [bd, (hb& ) is the charge-transfer en-

ergy which concerns the transfer of d, (b,s ) from the
ligand to the Cu site].
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The parameters which go into the calculation of the
XES spectrum for La-Cu-0 (Ref. 36) were chosen to give
the best description of the 3d XPS and Cu 2p XAS data.
According to Ref. 47, Ad, is 4.5 eV for CuO as opposed
to 3.0 eV for La-Cu-O. This means that hybridization
with the 31' L (d„b&g ) configuration is smaller in CuO
than La-Cu-O. It could be that the hump observed in the
CuO spectrum -3 eV below the main peak results from
weak hybridization between 31 L and 31' L
configurations. The fact that such structure is not ap-
parent in the other cuprates might then be due to the
smaller values of b,d, and the concomitant increase in
bandwidth.

A tight-binding (TB) parametrization of the band
structure (see Ref. 52) can be helpful in understanding
some of the complex electronic properties of the high-T,
compounds. De Weert et al. , from a TB fit to an
LAPW calculation, have obtained the fully decomposed
Cu 1 2 2, ds 2 „and 1„„,, DOS for La-Cu-0 along

with the 0 2p DOS. They are perfectly compatible with
the molecular orbital theory model discussed above: The
unoccupied states have essentially 1 & 2 character, the

x —y
1 2 & orbitals form a sharp peak just below E~ and the

1„~„,~, states lie in a 1.3-eV-wide band mainly -2.0 eV
below EF. The latter is only very weakly hybridized with
the 0p states.

In summary therefore our XES data indicate that the
0 2p states can be regarded as bandlike and as such are
well described by LDA theory. On the other hand a
coherent understanding of the Cu (31~2p) x-ray emis-
sion process is possible only if on-site d —d Coulomb in-
teraction is taken into account. Our data are compatible
with the findings of Tanaka et al. who, using an
Anderson-impurity model, suggest that the Cu La emis-
sion band provides information on the 1„„,, states in a
two-hole excitation spectrum. As such these experiments
should help in establishing the validity of band-
structure-based models at present being developed to in-
clude on-site Coulomb interaction.
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