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We present a theoretical analysis of x-ray-absorption near-edge structure at the Sr K edge in
Laz—Sr,CuO4 and SrF; compounds based on the experimental results of Tan et al. [Phys. Rev. Lett.
64, 2715 (1990)). Contrary to the suggestion put forward in this investigation which is based on the
observation of a certain absorption structure, we obtain the best agreement with experimental data
when the environment of the dopant Sr atom is kept fixed in its crystallographic arrangement.

Recently, Tan etal.' have studied experimentally the
x-ray-absorption near-edge structure (XANES) at the Sr
K edge and La Lj-edge of La;-,Sr,CuO4 compounds.
According to these authors, these systematic studies indi-
cate the presence of an interstitial defect oxygen atom
near the Sr atom that is intrinsic to Sr-doped La;CuOs.
These conclusions are based on the presence of a clear
feature (referred to in the following as feature 4) in the
experimental XAS spectrum at about 20 eV from the ris-
ing edge in the Sr K XANES of La;-,Sr,CuO4 com-
pounds. It is argued that this feature arises from the re-
moval of the nearest apical oxygen atom when La is sub-
stituted by Sr under normal preparation conditions.
These authors, in fact, argue that feature A is generally
present for an eightfold-coordinated absorber with two
sets of four equivalent near neighbors, and is totally ab-
sent for nine-fold-coordinated Sr and La with a near-
neighbor configuration as for La in La,CuOy4 For the
sake of clarity we summarize their experimental results in
Fig. 1 where the La L; XANES spectrum of La,CuOy4
(curve a) is compared with the Sr K-edge XANES spec-
tra of SrF, (fluorite structure) (curve &) and
Las—,Sr,CuO4 compounds (curve ¢). The arrows indi-
cate the peak A.

For the high-T, superconductors, theoretical studies of
XANES have been concentrated mostly on the Cu K and
L edges,” but the edges of the rare-earth elements have
not been well studied. We want both to fill this gap by
presenting a set of one-electron multiple-scattering calcu-
lations of XANES spectra of the Sr K edge in Lay—-
SrCuOy4 and SrF, compounds and of the La L; edge in
La,CuQO4 material, and at the same time to test theoreti-
cally the conclusions of Tan et al. by showing model cai-
culations with and without the apical oxygen atom.

All our calculations are based on the one-electron
multiple-scattering theory.® The Coulomb part of the po-
tential is built by following the Mattheiss prescription, ?
i.e., by superimposing neutral atom charge densities ob-
tained from the Clementi-Roetti tables for Cu, O, and Sr
atoms and the Hermann-Skiliman wave functions for the
La atom. In the compounds considered here [and, in gen-
eral, in metallic and (nearly) covalent systems], this
method is known to provide charge distributions quite
close (only slightly expanded compared) to those obtained
by self-consistent calculations, at least within the muffin-

45

tin model (see last quotation of Ref. 3).

For the exchange-correlation part of the potential we
take the complex Hedin-Lundqvist (HL) self-energy®
whose imaginary part gives the amplitude attention of the
excited photoelectron due to the inelastic losses and is con-
nected to the photoelectron mean free path. The calculat-
ed spectra are further convoluted with a Lorentzian shape
function with a full width of 3 eV to account for the core-
hole lifetime. Substantially similar results are obtained
with a calculation using an Xa type of exchange followed
by a convolution to account for inelastic losses and core-
hole width. For the sake of clarity we present these latter
calculations in order to illustrate the effect of the convolu-
tion on the raw spectra. We have chosen the muffin-tin
radii according to the Norman criterion® and have al-
lowed a 10% overlap between contiguous spheres to simu-
late the atomic bond. More details will be given in a
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FIG. |. The experimental curves measured by Tan eral.
Curve a refers to the La L3 edge of LaxCuQOy4 compound, curve b
to the Sr K edge of the SrF; compound, and curve ¢ to the Sr K
edge of the Las— (Sr.CuOy4 compound.
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FIG. 2. Theoretical XANES spectrum at the Sr K edge in the La>—,Sr,CuQ4 compound. The arrow indicates the feature 4. (a)
Unpolarized spectrum for the 44-atom cluster and its breakdown in the z- and x,y-polarized components; (b) same as (a) for the 43-
atom cluster; (¢) unpolarized spectra of (a) and (b) convoluted to account for K core-hole lifetime and inelastic losses.

forthcoming paper. The z axis in all our calculations is
along the ¢ axis of the compounds.

The unit cell for the La;CuO4 compound in the tetrago-
nal phase, with lattice constants a¢=3.78 A and
co=13.23 A,7 is shown in Fig. 3 of Ref. | where a
simplified picture of the Sr doping with the induced
oxygen-defect structure is also given. We shall use the
same notations to indicate the atomic positions.

In Fig. 2 we report the theoretical calculations of the Sr
K XANES in the La;-,Sr,CuQ4 compound in two cases:
with and without apical oxygen. The atomic cluster used
is formed by 44 atoms (43 atoms when the apical oxygen
is removed), has a Cy. symmetry, and includes all atoms
within 5.9 A from the Sr atom. First of all, we suppose
that the apical oxygen atom is not removed when La is
substituted by Sr and there is no local distortion of the
tetragonal unit cell. The total cross section is shown in
Fig. 2(a) together with the z- and x,y-polarized com-
ponents. Feature A is very well defined and the various
peaks are in good agreement with those of the experimen-
tal spectrum both in relative amplitude and energy posi-
tion. Figure 2(b) shows the same as Fig. 2(a) for the case
where the apical oxygen atom 1is missing: since the
minimum at 2 Ry is now more shallow, feature A is less
defined in the total cross section. In Fig. 2(c) we show the
total absorption spectra for the two cases after convolu-
tion. Feature A is still very clear for the case with apical
oxygen atoms (curve a), while it nearly completely disap-
pears in the other case (curve b).

In order to illustrate better the origin of feature 4 we
have repeated the same calculation with two clusters in-
cluding the first ten and nine atoms within 3 A from the
Sr atom [with and without the apical oxygen atom O(4)]
plus the Cu atom located at 4.76 A along the z axis to in-

. clude the focusing effect of the collinear configuration Sr-
O(4)-Cu. The result is shown in Fig. 3 where curve a
(11-atom cluster) still shows feature A, which, however, is

weaker than in the previous case and barely survives con-
volution. No such structure is observed in curve b (no api-
cal oxygen). This result shows that feature A4 is not only
an effect of near neighbors but also involves a sort of
cooperative effect of near and distance shells to create a
local maximum of / =1 projected density of states corre-
sponding to peak A.

A closer inspection of the z- and x,y-polarized com-
ponents of the total absorption coefficient, both in the case
of the 44 (43) and the 11 (10)-atom clusters, reveals that
feature A is the result of a constructive interference be-
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FIG. 3. Same calculations as for Fig. 2(c) for the 11- (curve

a) and 10- (curve b) atom clusters, without convolution.
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tween a maximum and two adjacent minima in the z- and
x,p-polarized components. Therefore it is sensitive to the
influence of any cause that tends to modify their relative
position and/or amplitude. In this respect the presence of
a collinear configuration along the z axis [Sr-O(4)-Cul is
one of the favoring factors (but not the sole) of feature 4
due to the focusing effect which adds intensity to the reso-
nance along the Sr-O(4) bond.

To continue this theoretical analysis we present in Fig.
4 a further calculation in which the apical oxygen atom
0O(4) moves to a position of about 2.39 A away from the
Sr photoabsorber and is located at (1,0, ¥ ) in the tetrag-
onal unit cell as suggested in Ref. 1. Due to the lack of
any symmetry in this case and the consequent storage
problems, the cluster now used includes only the first 23
atoms within 4 A from the Sr atom plus the apical Cu.
Feature A4 is barely present (curve ¢), is weaker and
pushed up in energy compared to Fig. 2(a) and does not
survive convolution (curve d). This finding confirms our
interpretation concerning its origin as due to an interfer-
ence effect between different polarization components.
For consistency we present in the same figure a calcula-
tion for the same cluster of 24 atoms with the apical oxy-
gen atom O(4) in its *“normal” position, before (curve a)
and after (curve b) convolution. Feature 4 is much more
prominent here. Notice, however, the cluster size depen-
dence of the amplitude of feature A4 by comparing with
curve a of Fig. 2(c). .

Reasonable distortion patterns introduced in the first
coordination shell to simulate the lattice stress induced by
the Sr impurity for the 23/(24)-atom clusters do not sub-
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F1G. 4. Theoretical XANES spectrum at Sr K edge of
Las-Sr,CuO4 compound with the apical oxygen at site sug-
gested in Ref. | for a 24-atom cluster (curve ¢); this same curve
after appropriate convolution (curve d); for comparison, the
spectrum for a 24-atom cluster with the apical oxygen in its

“normal” position, before (curve a) and after (curve b) convolu-
tion.

stantially modify this picture.

Finally, in Fig. S we present some calculations related
to the La L; edge in La;CuQOy (Ref. 8) (upper curve) and
to the Sr K edge in SrF, (fluorite structure).® Good
agreement with the experimental data is obtained in both
calculations and feature A is only observed at the Sr K
edge of SrF; compound. This agreement makes us con-
fident that the construction of the potential is a sensible
one. Notice also that in the case of La;CuQy the cluster
used is the same as for the Sr-doped sample (Fig. 3). The
absence of peak A in this case is an indication that also the
type of projected density of states has a bearance on the
appearance of this feature.

Besides the above results, we have also found that the
removal of the apical oxygen atom in the La L; edge of
La,CuQy4 does not induce feature A, although now the
photoabsorber is eightfold coordinated. Also the artificial
addition of an apical oxygen atom at about 2.0 A away
from Nd along the z axis does not completely suppress
feature A4 in the Nd L ; edge of Nd;CuQy despite the nine-
fold coordination.

All these findings point to a weakness in the argument
put forward by Tan et al. about the origin of feature A.
In fact, by comparing the spectra of various compounds at
different edges, with different coordination numbers and
different atomic species, they implicitly assume that in
determining the spectral features the coordination number
is predominant over structural arrangement, type of initial
edge and change of potential when passing, for example,
from the La L3 edge in La;CuOy4 to the Sr(Ba) K edge in
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FIG. 5. Theoretical XANES spectra at La L3 edge of
La;CuO4 (upper curve) and at Sr K edge of SrF, compounds.
The arrow in the lower curve corresponds to feature A.
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Sr(Ba)F..

In conclusion, no evidence is found for any deviation
from tetragonal symmetry around the Sr site. All atoms
probably remain around their normal crystallographic po-
sitions after Sr doping, within the distortions induced in
the lattice by the substitutional impurity.

This conclusion is not incompatible with the observation
made in Ref. 1 that feature A4 is suppressed in oxygen-
annealed samples and can be subsequently recovered by
vacuum annealing of the oxygen-annealed samples. In-
deed, the creation or destruction of an interstitial defect
oxygen atom induced by the various processing conditions
is expected to destroy the constructive interference leading
to feature A. This expectation is born out by model calcu-
lations of a cluster containing a central Sr atom surround-
ed by nine O atoms at their crystallographic positions,

with and without a supplementary interstitial O atom at
the position indicated by Tan ef al. Feature A, present in
the ten-atom cluster, is suppressed when the extra oxygen
is present.

This same conclusion is also in keeping with a number
of experimental observations ranging from neutron-
diffraction studies,” suggesting full site occupancy, and
nuclear-quadrupole-resonance data,'® pointing to two
differentiated Cu sites, which can be explained on the
basis of charge modifications induced by Sr doping on the
neighboring Cu sites as suggested in the original paper.

Finally, the observed shear defects'! can be related to
the loosening of the La-O(4) bond upon Sr substitution,
which is also in keeping with the large thermal factor
component along the ¢ axis as derived from neutron-
diffraction studies.
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