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We present a theoretical analysis, based on the zeroth-order approximation of the multichannel multiple-
scattering theory, of the x-ray-absorption spectra of Nd,CuO,4, La,CuO,, and Ca,Cu0O; compounds at the
copper K edge. Single-channel theoretical calculations have been made using atomic clusters large enough to
be sure that all one-electron features have been correctly described. On this basis the presence of both 3d° and
3d'°L configurations in the ground state has been found essential to obtain good agreement between experi-
mental data and theoretical calculations in the case of Nd,CuQO, and Ca,CuQ ;. Conversely, the best agreemnt
with the La,CuQ, data has been obtained by taking into account only the 3d’°L configuration in the final state.
We briefly comment on this finding. [S0163-1829(96)02540-4]

Recently, there has been increasing interest in the elec-
tronic structure of Nd,CuO,, La,CuO,, and Ca,CuO,
compounds due to their structural and electronic similarity
with high-7,. superconductors. Important information ob-
tained by x-ray-absorption spectroscopy (XAS) at the vari-
ous edges' %" has led to useful insight into the chemical and
electronic structure of these compounds, although there is
still some debate’ about their interpretation.

The Cu K edge is an interesting edge to investigate due
to the possibility of obtaining relevant electronic and struc-
tural information about copper and its neighbors. At this

edge the x-ray-absorption near edge structure (XANES) of
Nd,CuO,, La,Cu0,4, and Ca,CuO; show two sets of two
peaks separated by about 7 eV.57!% These are shown as fea-
tures A and A’ for the first set, and features B and B’ for the
second set in Fig. 1, which is taken from the paper by Kosugi
et al.” and reproduced here for the convenience of the reader.
The interpretation proposed in Ref. 9 is that the two peaks in
each set are replicas of the same one-electron transition
originated by the presence of a poorly screened 3d° and a
well-screened 3d'°L (L denoting a hole in ligand oxygen)
final-state electronic configuration in the presence of the core
hole, while the two sets originate from ls—po and
ls— pm one-electron transitions, representing in-plane and
out-of-plane first coordination shell multiple-scattering fea-
tures, 1n keeping with the divalent Cu valence state. In turn
these two configurations are the relaxed counterpart, in the
presence of the core hole, of the same two electronic con-
figurations present in the ground state, where they are sepa-
rated by about 2.5 eV (as we have calculated, the exact value
depending on the different compound), the 3d” being lower
than the 34'°L. In the final state, instead, the presence of the
core hole shifts the 3d'°L electronic configuration to lower
energy than 3d°, due to the Coulomb interaction between the
core hole and the quasilocalized d electrons, giving rise to a
final state with a dominant 3d'°L character. The XAS spec-

0163-1829/96/54(19)/13409(4)/$10.00 34

trum could reflect the presence of these two electronic con-
figurations by displaying particular features that cannot be
assigned to one-electron transitions. Moreover, by just look-
ing at the spectra, we propose the presence of a third set of
twin features, labeled as C and C’ in Fig. 1, in which the
one-electron transition corresponds to multiple scattering of
the final-state photoelectron within the first and second coor-
dination shells.

In this paper we present a detailed theoretical study of the
XANES spectra at Cu K edge of these materials based on the
muitichanne] multiple-scattering (MCMS) theory*' ~# using
large atomic clusters around the absorber, in the sense illus-
trated below, and the self-consistent-field (SCF) potential
and charge densities following a method described 1n a pre-
vious work.** This method automatically takes into account
the charge relaxation around the core hole. The radial exten-
sion of the clusters used in the calculations corresponds to a
distance between the photoabsorber and the last neighbor of
the same order of the photoelectron mean free path value,
which is about 5—-6 A at the rising edge, taking into account
only core-hole lifetime and experimental resolution, and
even less at higher energies if one takes into account the
photoelectron damping. We have verified that an increase of
the cluster dimensions does not change significantly the
shape of the theoretical spectra. On the basis of MCMS
theory, assuming a final state formed by two electronic con-
figurations, the total absorption cross section can be
written?!"*? as

o(w)=azog(ke)+bjo(k)). (1)

where oy(ky) and o (k) are the partial cross sections cor-
responding to 3d'°L and 3d° configurations, with wave vec-
tors given by k%=ﬁw-—1{. and k%=hw—1c—AE, respec-
tively. The coeftficients a, and b, are the weight of the two
configurations 1n the final state, I, 1s the photoemission bind-
ing energy, and AE is the energy splitting between the two

13 409 © 1996 The American Physical Society



—r
—

IIIITIIIIITIIIITTIFITIII

| I R

! 1 1 } ’ i 4 I 1 I | I V. | i 1 1 l

| | |

NORMALIZED ABSORPTION
._I'IIT|TITI|IIIT|IT_TI|111IIII—FI

!II_LJ_[JLLlltlI_L|lIiIII!1I

10 20 30 40 50
ENERGY (Ry)

O

FIG. 3. Same calculations as for Fig. 2 for the Ca,CuO; com-
pound.

atomic cluster used in the calculations includes 101 atoms
with a radius of about 7 A. The point group symmetry is
D,y , and the first shell consists of an elongated octahedron
with two different Cu-O bond lengths: 1.89 A for the four
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FIG. 4. Comparison between calculated XANES spectra at the
Cu K edge in the La,CuO, compound obtained by using different
weights in Eq. (1); curve (a): af“—“b?:O‘S; curve (b): af-:O.S,
b?=0.2; and curve (c): afﬁz 1.0, b?z0.0.
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FI1G. 5. Comparison between two calculations at the Cu K edge
in La,CuQO,4 compounds obtained by using atomic clusters within a
distance of 5.8 A from the absorber. Curve (a) refers to the case of
61 atoms.

shorter and 2.4 A for the two tonger bonds.”” The three cal-
culations are made on the basis of different percentages of
the electronic configuration, mixing in the final state as indi-
cated 1n the figure caption. Looking at curve (¢), we observe
a reasonably good agreement between experimental and
theoretical spectra, although it corresponds to the calculation
obtained by using only the 3d'°L configuration. The twin-
peak structure of the spectrum, and both the relative intensity
and energy position of the different features are reasonably
well reproduced. The contribution coming from the 3d” con-
figuration makes the agreement between theoretical and ex-
perimental data worse, as clearly indicated by curves (a) and
(b), especially for what concerns the relative intensity of
peaks B and B'.

To obtain a deeper insight into the origin of the second
peak B', we have performed several calculations, changing
both cluster size and geometrical arrangement around the
copper central atom. For brevity, in Fig. 5, we report only the
comparison between two calculations obtained by using 6]
atoms [curve (a)] and 59 atoms [curve (b)] within a distance
of 5.8 A from the absorber. This last case refers to a cluster
obtained by removing the two apical oxygens from the first
coordination shell. The two curves are very similar, and both
show the presence of a weak structure around 18 eV that
becomes peak B’ as we increase the number of shells in the
calculation. This peak therefore appears to be an effect of
atoms farther than 5.8 A. Altough our calculations seems to
point to a complete structural origin of peak B', we are
rather reluctant to conclude that there 1s no contribution of
the 3d” configuration to the photoabsorption cross section of
the La,CuO 4 compound, contrary to the previous two cases.
In fact we believe that the admixture coefficients should be
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FIG. 1. Experimental data of Nd,CuO, [curve (a)], La,CuO,
[curve (b)], and Ca,CuQ; [curve (¢)] at the Cu K edge measured
by N. Kosugi ef al. The well-screened 1ls—4pm and ls—4po
transitions are indicated as features A and B, respectively, together
with their poorly screened companions A’ and B'. Also shown is
the twin structures C and C'. See text for their multiple-scattering
origin. Reprinted from W. Kosuyi et al.,, Chem. Phys. 1335, 149

(1989) with kind permission of Elsevier Science - NL, Sara Burg-
erharrstraut 25, 1055 KV Amsterdam, The Netherlands.

configurations in the final state. This expression corresponds
to the zero order in the expansion of the total absorption
cross section in terms of different channel contributions,
valid when the interchannel coupling is weak enough, due to
the fact that either the interchanne! potential or the interchan-
nel 7" matrix is small compared to the single-channel scatter-
ing path operator (see Refs. 21 and 23 for details). In order to
obtain the different potentials and charge densities needed
tfor the two configurations, we used an X @ SCF approach for
the calculation of the ground and excited states of a small
cluster around the copper site. The energy splittings between
the two configurations in the final state (presence of the core
hole) are about AE=7.2 eV for Ca,CuO,, AE="7.1 eV for
La,CuO,4, and AE=7.4 eV for Nd,CuO,. The theoretical
cross sections are calculated using Hedin-Lundqgvist complex
potential” and the muffin-tin radii are chosen according to
Norman criteria.”® The spectra are further convoluted with a
Lorentzian shape function to account for the core-hole life-
time and experimental resolution.

In Fig. 2 theoretical calculations of Cu K edge XANES
related to Nd,CuO, are shown. They refer to an atomic
cluster of 67 atoms around the absorber, with a radius of 5.9
A and atomic coordinates taken from Ref. 27. Locally the
copper site 1s square coordinated with a D4, point symmetry,
and Cu-O bonds of about 1.97 A. Curve ( a) shows the cal-
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FIG. 2. Theoretical XANES spectrum at the Cu K edge in the
Nd,CuO, compound. The calculation, based on Eq. (1) in the text,
involving two configurations in the ground state, is shown in curve
(a). The single-channel calculation relative to the configuration
3d"“}1; 1s presented 1n curve (b).

culation obtained by using Eq. (1). The twin features coming
from ls—4pm and 1s—4po transitions are clearly repro-
duced. Good agreement between experimental data and theo-
retical calculations is obtained by using for the weights the
following values: afw—*OJ and b%20.3. Also the C twin fea-
tures are fairly well reproduced. In order to substantiate the
presence of separate contributions coming from the two con-
figurations, in the same figure we present [curve (b) ] a theo-
retical calculation which uses only one configuration in the
final state. Clearly the twin peak structure is not reproduced.
In Fig. 3 we present theoretical XANES spectra relative to
the Cu K edge of the Ca,CuO, compound, which have been
obtained following the same procedure described above. The
first shell around the photoabsorber now forms a distorted
square with two shorter Cu-O bonds of about 1.89 A, and
two longer ones of about 1.96 A.?® The atomic cluster used
in the calculations consists of 69 atoms, has a radius of 6.1
A, and a D,, point-group symmetry. Curve (a) shows the
calculation obtained by accounting for two final-state con-
figurations as in the previous case. The twin-peak structure 1s
well reproduced, and the theoretical features are in good
agreement with the experimental data, both in relative inten-
sity and energy position, by using the same relative weights
for the two electronic configurations as in the case of the
Nd,CuO, compound. For comparison we also present the
calculation [curve (b)] using one electronic configuration in
the final state. This calculation i1s in poor agreement with
experimental data. Essentially a very similar behavior 1s ob-
served for both Nd,CuO, and Ca,CuO, compounds.
Three different theoretical XANES spectra related to the
Cu K edge of La,CuQO, material are presented in Fig. 4. The
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roughly the same 1n all three cases. The reason lies 1n the fact
that the bound-state SCF calculations of a small cluster (two
shells) around the Cu atom show a striking similarity be-
tween the three cases. Distribution of energy levels and en-
ergy separations between ground and excited states, and en-
ergy gaps between 3d'°L and 3d” electronic configurations
are quite similar in the three systems. The only difference
among them 1s that, by mere chance, the energy difference of
the two structural peaks B and B’ happens to be about the
same energy as that of the two configurations present in the
final state 1n the La,CuO, compound. As a consequence, no
extra peak appears in the spectrum on which to assess the
contribution of the 3d” configuration. Its amplitude can only
be judged on the basis of relative intensity comparison be-
tween theoretical and experimental features present in the
spectrum. This circumstance complicates the analysis, since
it should be remembered that Eq. (1) is just the zero-order
expansion of the total cross section in term of different con-
tributions coming from different channels:*' % ie., it does
not account for interchannel interference. When two chan-
nels happen to interfere at a certain energy, as is the case for
the La,CuQO, compound, then our simple approximation is
inadequate. Theretfore a more detailed analysis of this case
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must await a future implementation of interchannel interfer-
ence in our computer codes.

In conclusion, by MCMS analysis we have confirmed
the interpretation proposed by Kosugi et al.” that not all fea-
tures present in the XANES spectra of the Cu K edge 1n
Nd,CuO, and Ca,CuQO; compounds have a structural ori-
gin. Indeed features A’ , B', and C' in Fig. 1 are replicas of
features A, B, and C [which are well reproduced by a single-
channel multiple-scattering (MS) calculation], due to the
weighted superposition of another spectrum with a delayed
onset of about 7 eV, originating from the presence ot another
configuration 1n the ground state of these compounds. How-
ever 1n the case of the La,CuO, compounds, all features
appear to be well reproduced by a single-channel MS calcu-
lation relative to the 3d'°L configuration. Despite this find-
ing, we believe that the mixing coefficients (MC’s) of the
two configurations are the same as in the previous two cases,
given the similanty between the ground-state SCF calcula-
tions of the three systems. Indeed, in this latter case our
simple approach to estimating the MC’s breaks down due to
the interference between the two channels present in the final
state.

We want to thank Professor Kosugi and the other authors
of Ref. 9 for their copyright permission.
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