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The fine structure of oxygen-K electron energy-loss spectra (EELS) of transition-metal oxides is known to
correlate with nominal oxidation states (NOSs) that are often interpreted as charge states. Here we report
calculations of O-K EELS in La,Ca;_,MnO; that agree with measured spectra and show that the variation in
the prepeak’s intensity with doping is controlled by the orbital occupancy of the majority-spin Mn 3d states,
while its width is controlled by crystal-field splitting. The results confirm an earlier conclusion that the NOS
extracted from EELS corresponds only to orbital occupancies, while the physical charge renders all atoms

electrically neutral, even in so-called ionic crystals.
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Transition-metal oxides (TMOs) have a wide range of
structural, electronic, and magnetic properties and have at-
tracted considerable interest.'™ The diverse properties arise
largely because d shells of electrons offer greater flexibility
than p shells in accommodating different oxidation states.
Core-excitation spectra are widely used to probe the proper-
ties of TMOs, such as their chemical composition, electronic,
and magnetic properties. More specifically, x-ray absorption
and electron energy-loss spectroscopy (EELS) probe the un-
occupied electronic states above the Fermi energy.®~® Thus,
the trends in spectra have been used to extract oxidation
states, the nature of charge ordering, and the magnetic
moments.”

The oxygen-K EELS fine structure has provided espe-
cially fertile ground in such studies.'>° It has been found
that the intensity of the first peak at threshold, universally
called the “prepeak,” correlates in a linear fashion with the
Mn nominal oxidation state (NOS).!>'* In a similar fashion,
the energy separation between the first two peaks also corre-
lates linearly with the Mn NOS.!* The different NOS is usu-
ally viewed as transfer of actual physical charge from Mn to
oxygen sites. For example, for a NOS of +4, usually denoted
by Mn**, the usual interpretation is that there is a transfer of
four physical charges from every Mn atom to the oxygen
sublattice.

In a recent paper, however, we demonstrated that
transition-metal (TM) atoms and O atoms in TMOs are in
fact neutral.”! The electron density around Mn atoms in vari-
ous Mn oxides with different NOS is essentially the same
and also the same as in Mn metal, where the NOS is zero.
More specifically, a plot of the integrated electron density
within a volume of radius R about any Mn atoms as a func-
tion of R is essentially indistinguishable in all cases. It is
important to note that in the various environments, one has
very different orbital occupancies; e.g., in Mn metal one has
3d° occupancy whereas in the oxides the d-state occupancy
is generally reduced. However, the “missing” charge is re-
covered from the oxygen occupancies because the oxygen
orbitals overlap with the Mn sites significantly.

The net result is that the occupancies of individual orbit-
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als do not translate into the actual physical charge associated
with a given atom. The observed EELS trend has nothing to
do with charge transfer or ionization of the TM atoms. It is
intriguing that the orbital occupancies, as obtained from
total-energy minimization in the actual calculations, always
yield effectively neutral atoms. We can conclude that any
departure from charge neutrality is energetically costly. An-
other recent study on TM atoms embedded in ionic and co-
valent host materials also concludes that the total charge
around the TM atom remains almost unchanged when its
oxidation state is altered.?> The precise relationship among
the O-K prepeak variations, orbital occupancies, and physi-
cal charge in manganites remains an open issue.

In this Brief Report, we report the results of a systematic
study of O-K-edge EELS fine structures in La,Ca;_ ,MnO,
(LCMO) and their evolution as a function of doping x. The
effects of both the solid state environment and the electron-
hole interactions are included. The effect of the electron-hole
interaction is small, whereby the O-K spectra truly probe the
unoccupied Bloch states in the perfect crystal. The calculated
spectra, specifically the prepeak intensities and peak separa-
tions, as functions of x are in excellent agreement with ex-
perimental data.'* Detailed analysis of calculated spectra
provides a comprehensive understanding of the fundamental
origins of the observed trends. In particular, as previously
noted,®!! the main peak in the spectra originates from a com-
bination of the empty Ca 3d and La 5d states. More impor-
tantly, the evolution of the spectra as a function of doping is
determined by two mechanisms: (a) the prepeak intensity is
controlled virtually exclusively by variations of orbital occu-
pancy in the Mn 3d e, majority-spin states; (b) the width of
the prepeak is determined by the decreasing crystal-field
splitting with increasing electron doping. The results clarify
the nature of the measured O-K spectra in doped manganites,
and features of the prepeak are traced back to electronic oc-
cupancy and crystal-field effects of the materials. The current
work reconfirms that EELS probes the orbital occupancies,
not the physical charge of the TM ions.?! Finally, we show
that the energy separation between the prepeak and the main
peak has a true correlation with the doping parameter x,
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which then relates to the nominal oxidation state n because n
is defined by n=4-x.

Density-functional theory (DFT) (Refs. 23 and 24) with
spin-polarized generalized-gradient approximation (GGA)
(Ref. 25) as implemented in the VASP code? is used to obtain
the electronic structure. The interaction between the valence
electrons and the core electrons (and the atomic nuclei) is
described with the projector augmented-wave (PAW)
method.?” The electronic and magnetic properties of LCMO
depend strongly on the doping x. Theoretical EELS spectra
for four values of x have been calculated: the end-point com-
pounds CaMnO; (CMO) (x=0) and LaMnO; (LMO) (x=1),
and intermediate values x=0.33 and 0.50. The crystal struc-
tures of both CMO and LMO have Pnma symmetry, while
their spin configurations are different: CMO is G-type anti-
ferromagnetic (AFM); LMO is A-type AFM. For the two
intermediate doping levels, the unit cells can be viewed as
multiple Pnma cells. They are AFM with complex spin
configurations.?%2°

To obtain O-K-edge spectra, the O 1s electron is excited
to the unoccupied states above the Fermi level, leaving be-
hind a core hole. A proper treatment of the interaction be-
tween the valence electrons and the core hole is required for
accurate EELS spectra. In semiconductors and insulators,
such as Si and SiO,, the electron core-hole interaction has
been shown to strongly modify the theoretical EELS
spectra.’®3! The Z+1 approximation, where the localized
core hole is approximated as an extra proton in the nucleus,
is often used to describe the effects of a core hole.’*3233 The
simple method of approximating O-K-edge spectra as pro-
jected density of states (PDOS) of p symmetry on an oxygen
site in a perfect crystal can be called the Z
approximation.'®?° The Z+1 approximation is employed to
obtain the O-K-edge spectra in LCMO. Compared to results
from the Z approximation, the inclusion of core-hole poten-
tial pulls the near-edge spectral features downward in energy
and increases their intensity. In contrast to the cases of Si and
Si0,, the overall O-K spectra of LCMO from Z and Z+1
approximations are quite similar, indicating weak electron-
hole (e-h) interaction. The weak e-h interaction can be un-
derstood from the electronic structure of LCMO: the empty
states near the Fermi energy, where the excited electron from
the near-edge spectra resides, are mostly Mn 3d states, which
are separated spatially from the oxygen core hole. In addi-
tion, the screening effect from the filled O 2s and 2p orbitals
also reduces the strength of O core hole. Thus, the O-K-edge
spectra in LCMO are less affected by electron-hole interac-
tion and they more directly probe the unoccupied electronic
states of the crystal.

The calculated O-K-edge spectra of LCMO as a function
of doping are shown in Fig. 1. The threshold energies are set
to zero because the absolute excitation energy is not calcu-
lated in the Z+1 approximation. Gaussian broadening has
been used with full width at half maximum (FWHM) of 1 eV
in panel (a) and 2 eV in panel (b). For x=0.33 and 0.50, we
used supercells with the appropriate number of La and Ca
atoms and the O-K spectra were calculated for nonequivalent
O sites. The final theoretical spectrum was a weighted aver-
age of the individual spectra. These spectra are shown in
panels (a) and (b). In addition, we computed O-K spectra by
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FIG. 1. (Color online) Theoretical and experimental O-K-edge
EELS spectra of doped manganites LCMO. Calculated O-K-edge
spectra broadened with a Gaussian function of (a) 1 and (b) 2 eV
FWHM. (c) Calculated O-K-edge spectra broadened with a Gauss-
ian function of 2 eV FWHM. Here “generic doping” is used for x
=0.33 and 0.50. (d) Measured O-K-edge EELS spectra, adapted
from Ref. 14. For the calculated spectra, the zero energy is set to the
Fermi energy.

starting with CMO and introducing “generic doping;”?! i.e.,
we introduce an appropriate number of extra electrons and
compensate them with a uniform positive background. These
spectra are broadened by 2 eV and are shown in panel (c).
The experimental spectra are shown in panel (d). The most
notable difference between the theoretical and experimental
spectra is the resolution of the prepeak into two distinct
peaks, which merge if sufficient broadening is included.

The calculated spectra exhibit two clear trends: (1) the
energy width of the prepeaks decreases as the electron dop-
ing increases, from 4 eV in CMO to 2 eV in LMO; in addi-
tion, the intensity of the prepeak (area under the peak) rela-
tive to the main peak decreases as electron doping increases;
(2) the energy separation between the prepeak and main peak
also decreases as electron doping increases. Both the theo-
retical and experimental spectra show exactly the same
trends as a function of doping.

It is common practice to extract quantitative measures of
the prepeak intensities and the two-peak energy separation
from experimental data and plot them against the nominal
oxidation state of the cation. We used the same procedure,
described in Ref. 14, to extract such quantitative measures
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FIG. 2. (Color online) Comparison of the calculated and experi-
mental EELS spectra features as a function of Mn nominal oxida-
tion state in LCMO: (a) two-peak separation (AE) and (b) normal-
ized prepeak intensity (experimental data adapted from Ref. 14).

from both the experimental spectra and the 2-eV-broadened
theoretical spectra of Fig. 1. The results are plotted in Fig. 2
against the Mn nominal oxidation state. The trends are in
good agreement, with the only exception being the fact that
theoretical peak separations are smaller than the experimen-
tal values. The effect is caused by the well-known feature of
local-density approximations for exchange correlation to un-
derestimate energy gaps and slightly compress the empty-
state continuum.

The good agreement between the calculations and mea-
sured spectra provides a solid foundation for understanding
the relationship between the O-K prepeak and oxidation state
of TM ions. The PDOSs of the La/Ca and Mn atoms which
are closest to the excited O site are analyzed. For CMO, the
calculated prepeak has the same energy as the neighboring
Mn 3d states, while the main peak coincides in energy with
Ca 3d states, as shown in Fig. 3(a). With increasing doping
of La, the calculated prepeak and main peak track the PDOS
of neighboring atoms: the prepeak corresponds to Mn 3d
states, and the main peak to La 5d and/or Ca 3d states, as
shown in Figs. 3(b) and 3(c). This picture implies hybridiza-
tion of O 2p states with Mn 3d and La 5d and/or Ca 3d
states, which is consistent with previous studies of TMOs.%!!
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FIG. 4. (Color online) PDOS (unit: states/eV) of Mn 3d
majority-spin and minority-spin #,, and e, orbitals in CMO, 50%-
doped LCMO and LMO, showing the evolution of Mn 3d orbital
occupancy and crystal-field splitting as a function of doping. Posi-
tive values correspond to majority-spin states, and negative values
correspond to minority-spin states.

We further probe the effects of electronic and lattice prop-
erties on the evolution of the prepeak as a function of dop-
ing. In the simple picture of electron counting, which defines
the nominal oxidation state, the Mn** ion in CMO has t;g
configuration in the majority spin, while the Mn* ion in
LMO has tggei, configuration in the majority spin. For the Mn
atom closest to the excited O site, the symmetry-decomposed
unoccupied Mn 3d states (t,, and e,) of both majority and
minority spins are plotted in Fig. 4, for CMO, 50% doped
LCMO and LMO. In the majority-spin channel, the intensity
of the unoccupied 1,, states is very small, while the intensity
of the unoccupied e, states decreases as the electron doping
increases, in agreement with the simple picture. The
minority-spin states remain almost unchanged. The intensi-
ties of the unoccupied majority-spin e, states (PDOS inte-
grated from 0 to 5 eV) are 0.98, 0.70, 0.53, and 0.44 for
CMO, 33% doped, 50% doped, and LMO, respectively.
These numbers show a clear trend of the prepeak intensity
with doping that parallels the trend in Fig. 2 where the pre-
peak intensity is plotted against the Mn nominal oxidation
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FIG. 3. (Color online) Theoretical O-K-edge EELS spectra from the Z+ 1 approximation (top panels) and PDOS (unit: states/eV) of Mn
and Ca/La atoms that are the nearest neighbors of the excited O (bottom panels) in (a) CaMnOs3, (b) LajsCaysMnOs, and (c) LaMnOs.
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state. Thus, the well-known correlation of the prepeak inten-
sity with nominal oxidation state is explained by the results
on orbital occupancies, confirming a conclusion reached in
Ref. 21. We wish to emphasize that, despite the orbital-
occupancy changes, the actual physical charge on Mn atoms
remains unchanged with doping. In fact, as we showed quan-
titatively in Ref. 21, Mn atoms are effectively neutral in all
cases.

In addition to the overall prepeak intensity variation with
doping, the prepeak width decreases with increasing doping
(Fig. 1). We found that the cause of this effect is the fact that
the energy gap between the minority-spin 7,, and e, states
decreases when going from CMO to LMO. The cause of the
decrease is the crystal-field splitting: LMO has larger Mn-O
bond length, thus weaker crystal field, than CMO. Both the
electronic and lattice effects control the O-K prepeak.

The dependence of the peak separation AE on the Mn
nominal oxidation state (Fig. 2) can be understood as fol-
lows. Figure 3 show that the main peak tracks the position of
the Ca 3d and La 5d states. The calculated energy ranges of
the La 5d states indeed lie lower than those of the Ca 3d
states, in accord with the data. Thus the true physical corre-
lation of AFE is with the doping variable x, shown on the top
abscissa labeling of Fig. 2. The correlation of AE with nomi-
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nal oxidation state, shown in the bottom abscissa labeling,
arises simply because the nominal oxidation state is defined
by n=4-x.

In conclusion, the theoretical results reported in this Brief
Report confirm that the prepeak in O-K EELS spectra of
manganites measures the electronic occupancy of the hybrid-
ized O 2p and Mn 3d states. Thus the prepeak intensity is
related to the nominal oxidation state of the Mn, not the real
charge on Mn or O sites. Lattice effects also play a role in
the structure of the O-K EELS through crystal-field splitting:
higher electron doping means longer Mn-O bonds and
weaker crystal-field splitting, resulting in smaller width for
the O-K prepeak. The empirical method of using O-K pre-
peak to probe TM oxidation states is now on firmer ground.
The energy separation between the prepeak and the main
peak has a correlation with the doping parameter x, which
translates into a correlation with the nominal oxidation be-
cause the latter is defined by n=4-x.
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