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We present experimental x-ray-absorption spectra at the oxygen and 3d transition-metal K edges of
LaFeO; and LaCoO;. We interpret the experimental results in terms of detailed theoretical calculations based
on multiple-scattering theory. Along with providing an understanding of the origin of various experimental
features, we investigate the effects of structural distortions and the core-hole potential in determining the
experimental spectral shape. The results indicate that the core-hole potential as well as many-body effects
within the valence electrons do not have any strong effect on the spectra suggesting that the spectral features
can be directly interpreted in terms of the electronic structure of such compounds. [S0163-1829(97)05028-5]

L. INTRODUCTION

Electronic structures of 3d transition-metal oxides exhibit
a wide range of electronic properties including insulating,
metallic, and superconducting ground states; these com-
pounds also have varied magnetic properties.' Many of these
systems show interesting electronic and magnetic phase tran-
sitions as a function of temperature, pressure, or charge car-
rier doping. Recently, there has been a particular resurgence
of intense activity in investigating the electronic and mag-
netic properties of these systems following the discoveries of
many exotic properties in this class of system, such as high-
temperature supercctz)nductiw.fity,2 colossal magnetoresistance
effects,” and other phenomena indicating a close interplay
between electronic, magnetic, and structural properties. Vari-
ous forms of high-energy spectroscopies, such as photoemis-
sion, inverse photoemission, and x-ray-absorption spec-

0163-1829/97/56(4)/2228(6)/$10.00 56

troscopies, have played very important roles i1n our
understanding of the electronic properties of these fascinat-
ing materials by providing microscopic information related
to the various single-particle excitation properties.* How-
ever, it 1s often necessary to interpret these results in con-
junction with some suitable theoretical analysis in order to
obtain information about the ground-state properties of these
materials. Such analyses have been carried out extensively
particularly 1n the context of the photoemission spec-
troscopies, though theoretical analyses of x-ray-absorption
(XAS) spectroscopic results are very few. On the other hand,
x-ray-absorption spectroscopy is particularly useful in ob-
taining electronic-structure information in many of the sys-
tems exhibiting metal-insulator transitions in the presence of
hole doping.” This is due to the fact that such hole-doped
states appear in the unoccupied part of the spectrum, which
1S most suitably probed by x-ray-absorption spectroscopy.
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There are several 1ssues involved in extracting electronic-
structure 1nformation from experimental x-ray-absorption
spectra of transition-metal oxides. We discuss some of these
aspects in the tollowing.

(1) It is well known that the various properties of these
transition-metal oxides are often crucially connected with the
geometric structures, such as structural distortions around the
transition-metal sites.*’ However, the analysis of spectro-
scopic data has often been described in terms of idealized
structures possessing higher symmetries.® Based implicitly
on the assumption that these small structural distortions do
not have any observable effects on the spectroscopic proper-
ties, such procedures considerably reduce the theoretical
complications involved. However, the justifiability of such
assumptions has not been verified explicitly so far.

(2) Since the final state of the absorption process, which
solely determines the energy spectrum of the experimental
observation, has a core hole, core-hole potential effects in
principle can distort the experimental spectrum considerably
compared to the ground-state electronic structure. However,
most of the recent analysis of XAS, particularly at the oxy-
gen K edge of the transition-metal 0xides,9 has not taken into
account the possible effects of core-hole potential. This is
not a priori justifiable since the core-hole potential is known
to have a profound influence on the XAS spectrum of vari-
ous systems, ! including XAS at the K edge of oxides.?

(3) While the core-hole potential has been ignored in the
analysis of the XAS spectrum as discussed above, most of
the analysis of experimental spectra in the recent past has
been performed within model many-body Hamiltonian ap-
proaches that emphasize strong intra-atomic Coulomb inter-
action, often involving detailed multiplet interactions within
the transition-metal d manifold.” It is obvious that in the
presence of substantial influence of such many-body effects
on the experimental spectra, it is not possible to directly
relate the spectral features to the ground-state electronic
properties since electron correlation effects strongly modify
the spectral distribution in the final state of the absorption
process. Thus it becomes absolutely necessary to analyze the
spectroscopic information 1n conjunction with detailed
many-body calculations in order to obtain ground-state infor-
mation. In contrast, it has been shown recently®'” that single-
particle excitation spectra from the transition-metal oxide
systems under discussion here can be described reasonably
well 1n terms of ab initio effective single-particle theories.
This latter approach has the advantage that the observed
spectroscopic features can be related directly to the ground-
state properties and thus leads to a considerably more trans-
parent and direct interpretation. However, the situation with
respect to x-ray-absorption spectra vis-a-vis the influence of
electron correlation effects has not been settled yet, though
one work has reported a limited agreement between the ex-
perimental spectra and single-particle theories.'? In this latter
work, an ad hoc contraction of the energy axis had to be
introduced as a fitting parameter; moreover, the intensity
variation 1n the calculated spectrum over a wide energy
range was not in good agreement with the experimental spec-
trum.

We present here a detailed theoretical analysis of experi-
mentally obtained XAS spectra at the K edges of the transi-
tion metal as well as the oxygen for two typical transition-

metal oxides LaFeO; and LaCoO,; with the perovskite
structure 1n order to address the above-mentioned issues.
Furthermore, the present results also indicate the small but
finite influence of various structural distortions in determin-
ing the spectral details. Calculated results including and ex-
cluding the core-hole potentials help to establish that the
influence of the core hole in the XAS spectra of these com-
pounds 1s indeed small, in contrast to many other cases of
pronounced core-hole potential effects.'®'* Moreover, the
present calculations based on single-particle theories provide
remarkably accurate descriptions of the experimental spectra
in terms of both energy positions of various features and
their relative intensities without any adjustable parameter,
suggesting that electron correlation effects including multi-
plet interactions do not influence the spectroscopic properties
in these compounds to any significant extent. These two
points together would allow a direct interpretation of the
X-ray-absorption spectra from these and similar compounds
in order to understand the ground-state electronic structures.

II. EXPERIMENT

The samples were prepared by solid-state reactions of sto-
ichiometric quantities of La,0O; with CoC,0,4-2H,0O or
FeC,0,4-2H,0 following the procedures of Ref. 14. The
X-ray-absorption spectra at the oxygen K edge were obtained
at the SX700-1 beamline at BESSY, Berlin, in the total elec-
tron yield mode. The total resolution' for these spectra was
about little smaller than 1.0 eV. XAS measurments at the Fe
and Co K edges were performed at the GILDA CRG(DS8)
bending magnet beamline of the European Synchrotron Ra-
diation Facility in Grenoble, France. We used a double-
crystal monochromator mounting Si(311) crystals and with
sagittal focusing. The spectra were measured in the trasmis-
sion mode with Ar-filled ionization chambers and the overall
resolution'® is estimated to be around 0.7 eV. The samples
were prepared by ball milling the fine grain powders with
N2B and then compressing to obtain homogeneous samples,
which were kept at the liquid-nitrogen temperature during
the experiment,

1II. THEORETICAL DETAILS

Our calculations are based on one-electron multiple-
scattering theory.!” The Coulomb part of the potential is built
by following the Mattheiss prescription'® by stuperimposing
neutral-atom charge densities obtained from the Clementi-
Roett1 table and the Hermann-Skillman wave functions for
heavy atoms (Z>54). This method, in general, is known to
provide charge distributions quite close to those obtained by
self-consistent calculation for metallic and covalent systems
(see Ref. 17). For the exchange-correlation part of the poten-
ttal we use the real Hedin-Lundqvist (HL) sf&:lf-(.energy.19’20
The calculated spectra are further convoluted with a Lorent-
zian function with a full width of I',~1.0 eV for oxygen and
2.0 eV for metal to account for the core-hole lifetime and
experimental resolution.”! We have chosen the muffin-tin ra-
dii according to the Norman criterion®* and have allowed a
10% overlap between contiguous spheres to simulate the
atomic bond. The z axis in all our calculations is along the
¢ axis of the compounds.
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FIG. 1. Comparison between experimental data (dots line) and
multiple-scattering calculated XAS spectra for (a) LaFeO; and (b)
LaCoO; at the metal K edges by using the distorted real structures
of Refs. 27 and 28 (curve R.S.) and the idealized cubic model of
Ref. 26 (curve C.M.).

Density of states (DOS) calculations were performed us-
ing density-functional theory within the local-density ap-
proximation. For solving the one-electron Schrodinger equa-
tion  self-consistently we used the tight-binding
representation of the scalar-relativistic linear muffin-tin or-

bital method using the Andersen program. More details can
be found in Refs. 23 and 24.

IV. RESULTS AND DISCUSSION

In Figs. 1(a) and 1(b), we show the experimental
transition-metal K-edge XAS spectra from LaFeO; and
LaCoOQO,, respectively. The spectra appear to be similar be-
tween the two compounds arising from the fact that the two
compounds have similar geometrical structures. The metal
edges are dominated by the contribution coming from the
first-shell atoms giving rise to the typical fine structures com-
mon to transition-metal oxides with  octahedral
coordinations.” While differences in the details of the band
structures between the two compounds are expected to give
rise to some differences in the first few electron volts of the
absorption thresholds, strong broadening of the experimental
spectra due to substantial core-hole life-time broadenings
smear out such details 1n these cases. We performed real HL
calculations for both compounds using two different struc-
tural models: the idealized cubic perovskite model*® (indi-
cated in the figures by C.M.) and another model that takes
into account all the distortions of the real crystal structures
(indicated in the figures by R.S.) of LaFeO; (Ref. 27) and
LaCo0O ;.” The results obtained with multiple-scattering cal-
culations for these two models are also shown in Figs. 1(a)
and 2(b) for LaFeO4 and LaCoQ ;, respectively. Results in
Fig. 1 clearly show that the calculations based on the undis-
torted 1dealized cubic structures suggest considerably more
structured features for both the compounds compared to the
experimental curves, not only close to the threshold energies,
but also very far above it. For example, the calculation based
on the 1dealized structures produce a two-peak structure with
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FIG. 2. Comparison between experimental data (dots) and
multiple-scattering calculated XAS spectra for (a) LaFeO; and (b)
LaCoO; at the oxygen K edge by using the distorted cubic model
of Refs. 27 and 28 (curve R.S.) and the idealized cubic model of
Ref. 26 (curve C.M.).

nearly equal intensities near the threshold energies for both
the compounds, whereas the experiments show only a single
sharp feature. The calculated results for the real structure
(RS) are in much better agreement with the observed results
in this regard. Likewise, the calculated results with ideal cu-
bic model (CM) structure exhibits a narrow single prominent
peak about 50 eV above threshold, while the experimental
results suggest superposition of several peaks of comparable
intensities giving rise to a broad feature. This is once again
in better agreement with the calculated RS results using the
real structures. These results clearly suggest that the struc-
tural distortions play an important role in determining the
details of the electronic structures of these transition-metal
perovskite oxides.

In Figs. 2(a) and 2(b), we show the corresponding results
for the oxygen K edges in these two compounds. The experi-
mental spectra for the two compounds show considerable
differences between the two compounds in this case, in con-
trast to Fig. 1, reflecting the differences in the electronic
structures of the two compounds. This arises from the fact
that the lifetime broadening in the oxygen 1s core-hole state
i1s considerably smaller than that in the transition-metal 1s
core-hole state. In the case of the oxygen K-edge spectra
also, we find that the calculations based on the idealized
cubic structures are in poor agreement with the experimental
results for both the compounds, particularly in the near-
threshold features. For example, the idealized CM calcula-
tion for LaFeO; yields a doublet structure of two peaks of
nearly equal intensity, whereas the leading feature is much
more dominant in the experiment. This is correctly described
by the RS calculation. Similar discrepencies can also be seen
in the case of the idealized CM calculation for LaCoO; in
Fig. 2(b). On the contrary, there is much better agreement
between the experimental results and the calculations based
on the realistic crystal structures, once again establishing that
the structural distortions have finite and observable influ-
ences on the spectroscopic properties.

It 1s to be noted that the x-ray-absorption spectra at the
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FIG. 3. Site and angular momentum projected density of states
relative to the LaFeQ,; system. For comparison, the multipie-
scattering XAS spectra related to the distorted cubic model [curve
R.S. in Fig. 2(a)] are reported in the uppermost part of the figure.

The vertical scales of the DOS calculations are normalized to the La
f-like states.

oxygen K edge probe the unoccupied states with the oxygen
p symmetry due to the dipole selection rules. These prima-
rily arise from hybridization mixing of oxygen p states with
various states of the neighboring atoms. We have analyzed
the origin of the various spectral features in the XAS spectra
of Fig. 2 by investigating the site and angular momenta pro-
jected densities of states for the realistic crystal structures in
each case. For brevity, we report in Fig. 3 these partial den-
sities of states only for the LaFeO; compound. The other
material shows a very similar behavior. These figures show
that the spectral features close (approximately 4 eV) to the
threshold (marked ¢ and ¢’ in Fig. 2) arise from the covalent
or hybridization mixing of the oxygen p states with the
transition-metal d density of states. The pronounced doublet
feature in the experimental XAS of LaFeO; and LaCoO 5 1n
this energy region is due to the crystal-field splitting of the
transition-metal 3d level in ¢,, and e, levels due to the local
cubic field around the transition-metal sites, in agreement
with an earlier assignment.!” The spectral features marked
b and b’ in Figs. 2(a) and 2(b) arise from the mixing of
oxygen p states primarily with the La d states, while the
still-higher-energy features marked ¢ and ¢’ in the figure are
due to a similar mixing with the transition-metal s and p and
La s states.

There is a close similarity between DOS and cluster cal-
culations, although this 1s not evident a priori because they
use different exchange-correlation potentials. However, the
local-density exchange-correlation potential in DOS calcula-
tions is nothing but that the HL self-energy calculated at or
near the Fermi level for occupied states. Due to the slow
variation of this latter for states lying in the energy range of
about 15 eV above the Fermi level, one can be rather confi-
dent that the calculated DOS reflects the one calculated with
the true HL potential as in our cluster calculations.

From the above results it is clear that the calculated re-
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sults are in good agreement with experimentally observed
data of both oxygen and transition-metal K-edge x-ray-
absorption spectra of these compounds, when the realistic
structural details are taken into account. This 1s true for both
the near edge structures as well as structures considerably
higher in energy than the threshold energies. The main dis-

crepancy between the experimental and calculated results ap-
pears to be an underestimation of the spectral features; this
discrepancy appears to increase systematically for more en-
ergetic features. This is indeed to be expected in view of the
fact that we have used a fixed hifetime broadening parameter,
while it is known that the lifetime width is strongly energy
dependent. However, we have not tried to incorporate such a
parametrized approach merely to improve the fit since our
main purpose here is to show the overall agreement between
the results of ab initio theory and the experiment. The agree-
ment between the experiment and the calculation for the
higher-energy features is not very surprising since correla-
tion effects in these highly excited and extended states are
likely to be small. On the contrary, the near-threshold XAS
features in transition-metal compounds have been interpreted
traditionally” in terms of various parametrized many-body
theories that emphasize the correlation effects often includ-
ing multiplet interactions. The present results based on ab
initio effectively single-particle theory, however, clearly es-
tablish that correlation effects do not have any pronounced
influence on these spectral features, in contrast to the usual
belief.

It 1s to be noted that the experimental XAS spectrum rep-
resents the energy spectrum of the final state of the system
with the intensities of various features determined by the
transition-matrix elements. In the final state of the x-ray-
absorption process, the system has a core hole. It 1s not pos-
sible to determine a priori if the influence of the potential
arising from this core hole is sufficient to distort the final-
state energy spectrum compared to the ground-state energy
distribution of the unoccupied states. It is already well
known that XAS spetra at the 3d transition-metal L, 5 edges
is very strongly influenced by such core-hole potential
effects:!! similar effects have been observed in several other
cases also.'®!? On the other hand, such effects always have
been assumed to be negligible in the context of the oxygen
K -edge spectra from transition-metal oxides. In order to 1n-
vestigate the validity of such approaches, we have performed
the XAS spectral calculations based on two different final-
state potentials. In one case we calculated the theoretical
spectra based on the Z+ 1 approximation that accounts for
the core-hole potential in the final state; in the other case we
calculated the spectra assuming that the final-state potential
is the same as the ground-state potential. The Z+ 1 approxi-
mation (final-state rule!’) is used to simulate the relaxation
around the core hole in the photoabsorber, of atomic number
Z, and consists in taking the orbitals of the Z+ 1 atom and
constructing the charge density by using the excited elec-
tronic configuration of the photoabsorber with the core elec-
tron promoted to an empty orbital. This procedure generates
a final-state potential related to the fully relaxed electronic
configuration. The results obtained on the basis of these two
different approaches to the final-state potentials in the case of
LaFeO ; are shown in Fig. 4. The left panel shows the results
of the two calculations for the Fe K edge, while that for the



2232 Z.Y. WU eral 56

Fe K—edge O K—edge

Z+1 Z+1

, Ja

J GS W/J GS
J I 1 § | | L1 1 | 1 11 ] ’ 1
0

NORMALIZED ABSCRPTION

W{jlilIIIlIJlj_llllllIIIl_LlI!'

20 40 60 -10 -5 0 3} 10 i5
(E-E0){eV)

FIG. 4. Comparison between two multiple-scattering calcula-
tions of LaFeO; at metal (left panel) and oxygen (right panel) K
edges obtained using two different final-state potentials: the Z+ 1
final-state potential (upper curves) and the ground-state potential
(lower curves).

oxygen K edge are shown in the right panel. The difference
between the two calculations, the one with Z+1 and the
other without, show that there are small changes in the rela-
tive intensities of the different peaks, in particular at the O
K edge; there 1s also a slight pulling down in energy of the
states in the Z+ 1 calculation. As expected, the calculations
based on the Z+ | approximation agree better with the ex-
perimental results. However, it is interesting to note that the
results, except for the small differences mentioned above, are
quite similar for the two different approaches. Thus these
results clearly establish that the core-hole potential effects
are indeed small and can be neglected in qualitative discus-
sions of electronic structures based on transition-metal and
oxygen K-edge XAS spectra from such compounds.

V. CONCLUSION

In conclusion, we have presented experimental x-ray-
absorption near-edge fine structures at the transition-metal

and the oxygen K edges for LaFeO; and LaCoQO;. These
spectra have been compared with the corresponding calcu-
lated spectra obtained within the multiple-scattering theory.
While the calculations for the idealized cubic structures do
not agree well with the experiments, the agreement is sub-
stantially improved in the case of the calculations performed
with the real crystal structures. This suggests that such struc-
tural distortions, often observed in the transition-metal per-
ovskite oxides, play an important role in determining the
details of the electronic structures in these systems. The
agreement between the experimental results and the calcula-
tions based on single-particle theories suggest that correla-
tion effects including multiplet interactions within the
transition-metal ¢ manifold do not have any significant in-
fluence on the spectral features in these compounds, in con-
trast to usual wisdom. These ab initio theoretical calculations
also provide a description of the origin of the various fea-
tures in the experimental spectra in terms of various hopping
interactions between different pairs of states. Furthermore,
we have presented theoretical calculations with the final-state
potential being described in terms of the Z+ 1 approximation
as well as in terms of the ground-state potential. Compari-
sons of these calculations with the experiments suggest that
while there are some small effects on the spectra arising from
the core-hole potential in the final state, such effects are gen-
erally small in both the transition-metal and the oxygen K
edges.
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