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Co-L2,3 x-ray-absorption near-edge structures �XANES� and electron-energy-loss near-edge structures
�ELNES� are calculated from first principles, taking into account the configuration interactions among molecu-
lar orbitals for model clusters obtained using fully-relativistic one-electron calculations. The spectra for
LaCoO3 at low temperature and for LiCoO2, both of which have low-spin Co3+ ions in similar local environ-
ments, are well reproduced. To elucidate the cause of the spectral shape, the effects of the crystal structure and
coordination distance are investigated using idealized crystal structures of layered rock salt, perovskite, rock
salt, and spinel. The calculated spectra for these crystals with the same coordination distance are found to show
clear differences despite identical 3d electronic configurations and local environments of the first ligand shell.
The crystal structure dependence can be explained by the difference in the Madelung potential acting on the 3d
orbitals. The results of the calculations for various coordination distances indicate that not only the crystal field
splitting parameter, namely, 10Dq, but also the coordination distance is a key factor in determining the spectral
shape. This is attributed to the change in the spatial distribution of the 3d orbitals.

DOI: 10.1103/PhysRevB.77.155124 PACS number�s�: 78.70.Dm, 71.70.Ch

I. INTRODUCTION

In 3d transition-metal �TM� compounds, 3d electrons play
a central role in determining their macroscopic properties.
X-ray-absorption near-edge structures �XANES� as well as
electron-energy-loss near-edge structures �ELNES� at TM-L2
and -L3 edges have been widely used to characterize the
TM 3d electronic states.1–7 Both of them provide almost
identical spectra, which mainly correspond to the electronic
dipole excitation of 2p1/2 and 2p3/2 core electrons to unoccu-
pied 3d bands. Minor contributions, such as those from elec-
tronic quadrupole transition and excitation to 4s bands, are
typically negligible. In general, the main features of TM-L2,3
XANES/ELNES are determined from three factors, namely,
the oxidation and the spin states of TM 3d elements and the
coordination number of TM atoms. Other factors, such as
ligand species, coordination distance, and crystal structure,
are considered to affect the fine shape of the spectrum, but
their contributions have not been well established. To acquire
quantitative information on the local atomic and electronic
structures from TM-L2,3 XANES/ELNES, the effects of each
individual factor should be understood. Theoretical ap-
proaches are suited to this purpose.

In the theoretical studies of TM-L2,3 XANES/ELNES, a
crystal-field atomic-multiplet method, which aims to repro-
duce spectra by incorporating crystal field effects into an
atomic multiplet calculation,1–4 is often employed. The ef-
fects of the oxidation and spin states of TM 3d elements, the
coordination number of TM atoms and ligand species on
TM-L2,3 XANES/ELNES were investigated by the crystal-
field atomic-multiplet method.3 However, the contributions
of the crystal structure and coordination distance have not
been discussed quantitatively. An important effect of the
crystal structure for ionic crystals is the electrostatic potential
generated by constituent ions, namely, the Madelung poten-
tial �MP�. When the array of ions surrounding a TM atom is
different between crystals such as perovskite and layered

rock salt, the Madelung potential around the TM atom should
be different. Then, both covalency between the TM and
ligand and crystal field splitting, often represented by 10Dq,
change because of the change in the 3d orbitals spatial dis-
tribution. The coordination distance should also affect these
properties. The crystal-field atomic-multiplet method implic-
itly reflects these effects via two or more parameters, such as
crystal field splitting and reduced Slater-Condon parameters.
In contrast, first principles approaches are straightforward
since crystal structure and coordination distance are directly
considered as input structures.

A first principles method has been developed by the
present authors to calculate the multiplet structures. This
method has been successful in reproducing the experimental
spectra and providing proper interpretation of their multiplet
structures.8–11 It has been established that experimental
XANES and ELNES at simple element K edges can be well
reproduced by first principles calculations within the frame-
work of the one-electron theory if the core-hole effect is
properly taken into account.12 On the other hand, the one-
electron theory generally fails to explain the spectral shape
of TM-L2,3 XANES/ELNES because the spatial localization
of the TM 3d electrons and core 2p electrons brings about a
strong correlation among them. In our approach, the elec-
tronic correlation relevant to TM-L2,3 XANES/ELNES is
taken into account via the configuration interaction �CI�
among fully relativistic molecular orbitals �MO�. TM-L2,3
XANES/ELNES are obtained as matrix elements of elec-
tronic dipole transition using the calculated many-electron
wave functions. The effects of the Madelung potential are
taken into account by embedding the cluster into an array of
point charges.

In the present study, we examine trivalent cobalt oxide
compounds. Cobalt oxides are important in modern technol-
ogy as a cathode material of the lithium ion battery �LiCoO2�
�Ref. 13� and thermo electrics �NaxCoO2� �Ref. 14� to men-
tion a few examples. A spin-crossover transition of LaCoO3
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with temperature has been the subject of fundamental studies
since the late 1950s.15–19 Many experimental reports of
Co-L2,3 XANES are available in the literature for a few co-
baltites including LaCoO3 and LiCoO2.20–24 There are clear
differences between the spectra of LaCoO3 and LiCoO2. It is
interesting that the spectral shape is dependent on the crystal
structure even when the oxidation and spin states, and the
local environment of the first ligand shell �i.e., coordination
number and coordination distance� are similar. First, we ex-
amine the effects of the Madelung potential on the spectral
shape using the models for four crystals, i.e., layered rock
salt, perovskite, rock salt, and spinel. The relative height and
relative energy of the subpeak to the main peak are used to
characterize the spectral shape. Second, the effects of the
Co-O bond length are examined using theoretical spectra of
CoO6

9− clusters with different Co-O bond lengths.

II. COMPUTATIONAL PROCEDURES

All the calculations were carried out using the model clus-
ter CoO6

9−. The effects of the Madelung potential were in-
cluded by embedding the cluster into the array of point
charges. An artificial electronic dipole generated by the point
charges was eliminated by manipulating the charge at the
outermost points by the Evjen method.25 The total number of
electrons in the cluster was 84. The exchange-correlation
�XC� interactions among Co 2p, 3d, and six-coordinated
O 2p electrons �total of 48 electrons� were considered di-
rectly by the configuration interaction �CI� method, which
we called the TM 2pTM 3d+O 2p-multiplet approach in
Ref. 10. The other electrons �Co 1s, 2s, 3s, 3p, O 1s, 2s�
were considered to be less important for the Co-L2,3
XANES/ELNES because they do not strongly interact with
Co 2p, 3d electrons. Regarding these electrons, the XC in-
teractions were incorporated by adopting the Dirac-Fock-
Slater approximation.8 The spin-orbit coupling of Co 2p
electrons is included by solving the Dirac equation. The rela-
tivistic many-electron Hamiltonian is expressed as

H = �
i=1

N

h�ri� + �
i=1

N

�
j�i

1

�ri − r j�
, �1�

where

h�ri� = c�̃ · pi + c2�̃ − �
�=1

P
Z�

�ri − R��
+ VMP�ri� + V��ri� . �2�

Atomic units are used throughout this article. �̃ and �̃ are the
Dirac matrices represented by 4�4 matrices. c is the light

velocity. pi is the momentum operator of the ith electron. ri
and Rv are the positions of the ith electron and the �th
nucleus, respectively. Zv is the charge of the �th nucleus. N
in Eq. �1� is the number of electrons considered in the CI
calculations. P in Eq. �2� is the number of nuclei in the
model cluster. In the present case, N=48 and P=7. VMP�r� is
the Madelung potential applied by the external ions to the
cluster and is given by

VMP�r� = �
i

qi

�r − Ri�
− �

�=1

P
q�

�r − R��
, �3�

where qi is the charge of ions. The second term on the right-
hand side of Eq. �3� corresponds to the contribution from the
ions in the model cluster and is subtracted from the first term
which gives the summation over all the ion sites. V��ri� in
Eq. �2� is the Coulomb and XC potential for 36 electrons that
are not taken into account in the CI calculations. The explicit
form of V��ri� was derived by Watanabe and Kamimura.26

First, we obtained four-component fully-relativistic one-
electron molecular orbitals using numerical atomic orbitals
as basis functions.27 The XC interactions were considered by
adopting the Dirac-Fock-Slater approximation. The obtained
one-electron molecular orbitals were then used as the basis
functions of many-electron CI calculations. Many-electron
wave functions are expressed as a linear combination of the
Slater determinants,

� = �
p=1

M

Cp�p, �4�

where M is the number of the Slater determinants. �p and Cp
are the pth Slater determinants expressed as an electronic
configuration and its coefficient, respectively. To reduce the
computational effort, we took into account only the one-
electron excitation process from the Co 2p core level to the
Co 3d unoccupied states. The charge transfer of O 2p elec-
trons to Co 3d unoccupied states was not considered.

We considered the low-spin state �LS� to be the ground
state of Co3+; it is an experimentally reported spin state in
LaCoO3 under low temperature and LiCoO2. In the LS state,
the six t2g orbitals are fully occupied and the four eg orbitals
are not occupied at all. Therefore, the initial electronic con-
figuration is �Co 2p�6�O 2p�36�t2g�6�eg�0 and the correspond-
ing number of the Slater determinant is 6C6� 36C36� 6C6
� 4C0=1. In the excited states, 3d electrons can take all pos-
sible configurations. The final electronic configurations are
denoted as �Co 2p�5�O 2p�36�t2geg�7 and the corresponding
number of Slater determinants is 6C5� 36C36� 10C7=720.

TABLE I. Experimental crystal structures of LaCoO3 and LiCoO2.

Crystal structure Space group Site symmetry on
Co3+ ions

Co-O bond
length �Å�

O-Co-O bond
angle

LaCoO3
a Perovskite R3̄c �167� C3i 1.925 88.5°

LiCoO2
b Layered rock salt R3̄m �166� D3d 1.921 85.8°

aReference 28.
bReference 29.
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Thus, 721 Slater determinants were considered in total. By
diagonalizing the Hamiltonian in Eq. �1�, we obtained the
many-electron eigenvalues and eigenvectors, which corre-
spond to many-electron energies and wave functions, respec-
tively, relevant to the Co-L2,3 XANES/ELNES.

The oscillator strengths of electronic dipole transition
were calculated using many-electron wave functions. Theo-
retical spectra were obtained by broadening the oscillator
strengths using a Lorentzian function of FWHM=1.0 eV.

III. RESULTS AND DISCUSSION

A. Theoretical Co-L2,3 XANES of LaCoO3 and LiCoO2

Figure 1 shows theoretical Co-L2,3 XANES of LaCoO3
and LiCoO2, together with experimental spectra.20,21 Both
their ground states are known to be the LS state.16–21

LaCoO3 exhibits LS only at low temperatures. Thus, the ex-
perimental spectrum of the low-temperature phase of
LaCoO3 is shown in Fig. 1. The theoretical spectra were

obtained using the CoO6
9− cluster based on the experimental

crystal structures28,29 �Table I�. The present CI calculations
overestimate the absolute absorption energy because they do
not include all the electronic correlation, as mentioned
above. Our previous study has shown that the absorption
energy is well estimated by Slater’s transition-state method.8

The absorption onset of the spectra shown in Fig. 1 was
determined using the same approach. The theoretical spectra
are in good agreement with the experimental spectra for both
crystals. Some subpeaks can be recognized in both L3 and L2
spectra. The intensities of subpeaks b and e in LiCoO2 are
lower than those in LaCoO3. Subpeak c, which exists in the
LaCoO3 spectrum, is not clearly recognized in the LiCoO2
spectrum. The relative height of subpeak b to main peak a,
Ib / Ia, and the relative energy of subpeak b to main peak a,
Eb−Ea, are hereafter used to characterize the spectral shape.

In order to further investigate the effects of crystal struc-
ture on the spectral shape, a set of calculations is carried out
using the same CoO6

9− cluster embedded in different external
potentials corresponding to idealized LaCoO3 �perovskite;
PE� and LiCoO2 �layered rock salt; LRS� crystals, as shown
in Table II. The cluster has a regular octahedral symmetry
�Oh� with the Co-O bond length R of 1.92 Å. Because of the
presence of the external potential, the site symmetry of Co3+

ions in the LRS crystal is reduced to D3d, whereas that of PE
remains Oh. The theoretical spectra for the ideal perovskite
and layered rock salt structures are displayed in Fig. 2. The
spectra are almost the same as those shown in Fig. 1, which
were computed with clusters based on real crystals �Table I�.
This fact means that a slight distortion of the crystal or
change in the coordination distance does not affect the
spectra.

In Fig. 2, the composition of final configurations for
many-electron eigenstates is also shown. Here, the TM 3d
orbitals are expressed using Mulliken notations under Oh
symmetry, t2g and eg, for simplicity, although the present
calculations are based on relativistic quantum mechanics and
the point symmetry at the Co3+ site is lowered from Oh in
some of the crystals considered. The many-electron states are
decomposed into the final one-electron configurations, for
example, �2p�5�t2g�6�eg�1 and �2p�5�t2g�5�eg�2. The composi-

a
b ed

In
te
ns
ity
(a
rb
.u
ni
ts
)

Energy (eV)
780 790770 800

780 790770 800

Theory

In
te
ns
ity
(a
rb
.u
ni
ts
)

780 790770 800

Exp.

Energy (eV)
780 790770 800

LaCoO3 LiCoO2

c
ed

a

b e
d

a
b

c
ed

Exp.

Theory

a b

L2
L3

L2

L3

L2

L3

L3
L2

FIG. 1. �Color online� Theoretical Co L2,3-edge XANES for
LaCoO3 and LiCoO2 compared with experimental spectra. The ini-
tial spin state of calculated spectra is fixed to low-spin state. The
experimental spectra are taken from Refs. 20 and 21.

TABLE II. Space group, lattice constants, atomic positions, and site symmetry on Co3+ ions for ideal
crystal structures. Co3+ ions are located at the B site in the layered rock salt, perovskite, and spinel.

Space group Lattice constants
Å

Atomic positions Site symmetry on
Co3+ ions

Layered rock salt �ABO2� R3̄m �166� a=b=2.734
c=13.441

A+ �0.333,0.667,0.167�
B3+ �0,0,0�

O2− �0.667,0.333,0.083�

D3d

Perovskite �ABO3� Pm3̄m �221� a=3.380 A3+ �0.5,0.5,0.5�
B3+ �0, 0, 0�

O2− �0.5,0.5,0�

Oh

Rocksalt
�AO�

Fm3̄m �225� a=3.380 A2+ �0.5,0.5,0.5�
O2− �0,0,0�

Oh

Spinel
�AB2O4�

Fd3̄m �227� a=7.760 A2+ �0,0,0�
B3+ �0.625,0.625,0.625�

O2− �0.375, 0.375, 0.375�

D3d
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tions of �2p�5�t2g�6�eg�1 and �2p�5�t2g�5�eg�2 for each final
state are shown in Fig. 2. The intensity of the oscillator
strength is also shown. This type of diagram was given in our
previous report.10,11 Two points should be kept in mind. One
is that the final configurations, except for �2p�5�t2g�6�eg�1, are
not allowed by the electronic dipole transition from the ini-
tial configuration of �2p�6�t2g�6�eg�0. Second, the final con-
figuration of �2p�5�t2g�6�eg�1 does not equally contribute to
the oscillator strength at each state because the dipole tran-
sition matrix elements vary depending upon the spatial dis-
tribution of many-electron wave functions. As can be seen in
Fig. 2, the composition of �2p�5�t2g�6�eg�1 is 69.4% for peak
a of LRS, whereas it is only 5.6% for peak b of LRS. In other
words, the many-electron eigenstate at peak a mainly com-
prises the �2p�5�t2g�6�eg�1 configuration, whereas that at peak
b comprises the �2p�5�t2g�5�eg�2 or higher excitation configu-
rations. The energy difference between the final configura-
tions of �2p�5�t2g�6�eg�1 and �2p�5�t2g�5�eg�2 could be related
to the one-electron energy difference between the t2g and eg
orbitals, i.e., the crystal field splitting value, 10Dq, at the
ground state. With smaller 10Dq, we expect decreasing Eb
−Ea, and hence the configurations of �2p�5�t2g�6�eg�1 and
�2p�5�t2g�5�eg�2 mix well, which would increase the Ib / Ia ra-
tio. The 10Dq of Co3+ in PE and LRS are estimated to be
1.80 and 2.25 eV, respectively, using the averaged relativistic
one-electron energies corresponding to the eg and t2g orbitals.
As a matter of fact, Eb−Ea of PE, in which 10Dq of Co3+ is
0.45 eV smaller than that in LRS, is smaller and Ib / Ia is
larger than those of LRS, as can be seen in Fig. 2.

B. Crystal structures and external potentials

The effects of the Madelung potential on the spectral
shape are further examined for two more crystals, i.e., rock

salt �RS� and spinel �SP� �Table II�. In the present SP crystal,
the normal spinel arrangement of trivalent cations at the oc-
tahedral site is assumed. For RS in which the constituent
cations are divalent, we assume that trivalent Co impurity is
dissolved into the RS host crystal. Calculations were made
using the same CoO6

9− cluster as that used in the case of Fig.
2. The site symmetry of Co3+ ions in RS is Oh, whereas it is
D3d in SP �Table II�.

In Fig. 3, the relative value of VMP�r� to the value at the
Co3+ site located at the center of the cluster, �VMP�r�, is
shown. The CoO6

9− clusters are superposed on the figure. The
white zone of the potential maps indicates the space with
�VMP�0. It is interesting that the shape and the area of
�VMP�r� are clearly dependent on the crystal structure. The
white zone appears to be the largest in PE and the second
largest in RS.

The results presented in Fig. 1 demonstrate that the use of
formal charges for the Madelung potential well reproduces
the experimental spectra of the Co compounds. We applied
the same approach to a variety of systems and found an
agreement with experimental spectra at a similar level.8–11

Therefore, there is no need to vary the charges for Madelung
potential. However, it is important to investigate the effects
of the strength of the Madelung potential. In order to trace
the transitions of spectra through the change in the strength
of the Madelung potential, we applied an artificial Madelung
potential, VMP,Q�r�, given as

VMP,Q�r� = Q · VMP�r� , �5�

where Q is a reduction/enhancement factor. The reduction
limit, Q=0, corresponds to the isolated model without the
Madelung potential.
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FIG. 2. �Color online� �Bottom� Theoretical Co-L2,3 XANES for Co3+ with low-spin state in idealized perovskite �PE� and idealized
layered rock salt �LRS�. �Second bottom� The corresponding oscillator strength for multielectron eigenstates. �Top and second top� The
composition of final configurations for �2p�5�t2g�6�eg�1 and �2p�5�t2g�5�eg�2.
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A rigid shift of the Madelung potential for all the 3d or-
bitals does not affect the relative peak positions, whereas the
difference between the potentials for respective orbitals
should be important in determining the spectral shape. We
define the difference between the Madelung potential for the
t2g and eg orbitals as

�EMP = �eg�VMP,Q�eg� − �t2g�VMP,Q�t2g� , �6�

where the averaged Madelung potential that acts on each
orbital is specified by �eg�VMP,Q�eg� and �t2g�VMP,Q�t2g�. Fig-
ure 4 shows �EMP as a function of Q. As expected from the
maps of �VMP�r� in Fig. 3, �EMP of PE, which has the larg-
est white zone of �VMP�r�, is almost insensitive to Q. In the

other three crystals, �EMP increases almost proportionally
to Q.

Since VMP is part of the one-electron Hamiltonian, �EMP

should be related to 10Dq calculated using one-electron en-
ergies. Figure 5 shows the relationship between �EMP and
10Dq for the four crystals with different Q values. The value
of 10Dq for an isolated cluster model is also shown at
�EMP=0. With the increase in �EMP, 10Dq increases. All the
10Dq values of different crystal structures are located nearly
on the same line with the gradient of 0.46, which means that
the VMP term in the one-electron Hamiltonian directly con-
tributes to the increment of 10Dq by only 46%. The other
terms in the one-electron Hamiltonian reduce 10Dq signifi-
cantly through the screening of the Madelung potential
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Madelung potential around the CoO6

9− cluster for each structure on the �100� plane. �d� The same potential on the �110� plane.
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and/or the relaxation of 3d orbitals. A detailed discussion on
the spatial distribution of the eg orbitals is given later at Sec.
III D.

C. Effects of Madelung potential on spectral shape

Figure 6 shows a series of theoretical Co-L2,3 XANES of
the four crystals obtained for the ideal octahedral CoO6

9−

clusters with varying Q. As can be seen, the spectral shape,
as represented by Ib / Ia and Eb−Ea, does not change mark-
edly in PE. On the other hand, in the other crystals, Ib / Ia
decreases with the increase in Q and eventually, peak b van-
ishes with large Q. The same behavior can be observed for
peaks d and e.

In order to clarify the relationships between the strength
of the Madelung potential and the spectral shape, the depen-

dences of Eb−Ea and Ib / Ia on �EMP were investigated. The
results are summarized in Fig. 7. As recognized, both Eb
−Ea and Ib / Ia are simply determined by �EMP independently
of crystal structures. Eb−Ea and Ib / Ia for the PE crystal,
showing a nearly zero �EMP irrespective of the Q value �see
Fig. 4�, are close to those of the isolated cluster. On the other
hand, Eb−Ea and Ib / Ia of SP and LRS with similar trends of
�EMP are similar to each other. Thus, the Madelung potential
acting on respective orbitals is an essential factor in deter-
mining the spectral shape.

D. Effects of Co-O bond length on spectral shape

The results presented in Figs. 2–7 were obtained using
model clusters with the Co-O bond length, R, fixed at
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1.92 Å. Two additional sets of calculations are carried out
for the four crystals and the isolated cluster with R=1.82 and
2.02 Å. Their Ib / Ia vs 10Dq relationships are shown with
that of R=1.92 Å in Fig. 8. It is very interesting that Ib / Ia
values obtained for different R are located on different
curves. This finding means that the spectral shape is depen-
dent not only on 10Dq but also on R or another alternative
quantity. For example, when 10Dq is 1.8 eV, Ib / Ia differs
from 0.20 to 0.47 depending upon R in the range of
1.92–2.02 Å.

As an example of the R-dependence, theoretical spectra
for isolated clusters in Oh symmetry are shown in Fig. 9. The
values of 10Dq are also shown. Their Ib / Ia values are located
on the broken line in Fig. 8. As can be seen in Fig. 9, the
change in Ib / Ia with the change in R�0.1 Å is much
smaller than the effects of the Madelung potential in the
different crystals with fixed R. The key to explaining the
results resides in the spatial distribution of the eg orbitals. As
represented in the computational procedures section, the 2p
core electrons of Co3+ ions are excited to the eg orbitals,
which are not occupied at all. Since the Madelung potential
depends on the crystal structure, as shown in Fig. 3, the
spatial distribution of the eg orbitals is different for each
crystal structure. To illustrate this difference, the charge dis-
tribution of the eg orbitals in LRS and PE is examined here.

The averaged charge density of the four eg orbitals is ob-
tained by

	eg
�r� =

1

4�
i=1

4

�
eg

�i��r��2. �7�

R for the two models is fixed at 1.92 Å. The difference in
the spatial distribution, �	eg

�r�=	eg

LRS−	eg

PE, on the �100�
plane is shown in Fig. 10�a�. As can be seen in the map,
	eg

LRS�r� and 	eg

PE�r� are somewhat different, which can be ex-
plained by the difference in the Madelung potential for the eg
orbitals. The charge density is distributed more toward the
trivalent cation site in LRS than in PE. Except for this direc-
tion, the charge density in LRS is lower in the vicinity of the
Co3+ site. Another noteworthy characteristic is the higher
charge density at the O2− site in LRS. This indicates a greater
contribution of the O-2p orbitals to the eg orbitals, i.e., a
stronger covalency.

In order to evaluate the spatial distribution of the eg orbit-
als, the average radius is calculated as

�r�eg
=

1

4�
i=1

4

�
eg

�i��r�
eg

�i�� . �8�

Figure 10�b� shows the relationship between 10Dq and �r�eg
for the four crystals and the isolated cluster with different Q
and R. In the case of the isolated cluster �Q=0�, �r�eg

de-
creases with the decrease in R, as designated by the broken
line in Fig. 10. 10Dq increases with the decrease in R. These
tendencies are for the simple geometric effects, and lead to
the increase of 10Dq with the decrease in �r�eg

. The same
trend is recognized for the four crystal structures with Q=1,
as indicated by the other lines. On the other hand, 10Dq
increases with the increase in �r�eg

when Q, i.e, �EMP, is
varied with a fixed R �the corresponding series of data are
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FIG. 8. �Color online� Relative intensity between peaks b and a
as a function of 10Dq. Values with the Co-O bond length R=1.82,
1.92, and 2.02 Å, and Q=0, 0.25, 0.5, 0.75, 1, 1.25, and 1.5 are
included. Filled marks denote the values with Q=1. The straight
lines �solid, dashed, or dotted� connect the results with Q=1. The
dotted curves enclose the results with the same R.
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0.75, 1, 1.25, and 1.5 are included. Filled marks denote the values
with Q=1.
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enclosed by dotted curves�. This is a result of the effects of
the Madelung potential on respective 3d orbitals, as de-
scribed above. The dependence of 10Dq on �r�eg

is the op-
posite in the cases of Q and R. This means that even if 10Dq
is the same, the spatial distribution of the eg orbitals could be
clearly different. This is the reason why Ib / Ia is not simply
governed by 10Dq when R is varied.

In the crystal-field atomic-multiplet calculations, two sets
of parameters are used to reproduce the TM-L2,3 XANES/
ELNES spectra. One is the crystal field parameter, which is
10Dq under Oh symmetry. The other is called the reduced
Slater-Condon parameter that determines effective interac-
tions among 2p-3d and 3d-3d electrons in crystals. The
strength of covalent bonding and other chemical effects is
thought to affect the reduced fraction. The present results
demonstrate that the Madelung potential for each 3d orbital
plays an important role in determining the spectral shape,
and it is clearly dependent on the crystal structure. In the
crystal-field atomic-multiplet calculations the Slater-Condon
parameters should, therefore, be varied in accordance with
the crystal structure, even when Co ions have the same oxi-
dation and spin states and the same local environment of the
first ligand shell.

IV. CONCLUSION

Theoretical Co-L2,3 XANES were obtained for LaCoO3 at
low temperature and for LiCoO2 using first principles many-

electron calculations for model clusters that were embedded
into the Madelung potential. Isolated clusters with different
coordination distances were used for comparison. The major
results can be summarized as follows.

�1� Experimental Co-L2,3 XANES for the two crystals are
reproduced by the calculations using the TM 2pTM 3d
+O 2p-multiplet approach for CoO6

9− clusters on the basis
of the experimental crystal structure �Fig. 1�. The many-
electron final configurations are decomposed into the
final one-electron configurations of �2p�5�t2g�6�eg�1 and
�2p�5�t2g�5�eg�2 �Fig. 2�. The many-electron eigenstates at
peak a mainly originate from the final configurations of
�2p�5�t2g�6�eg�1, whereas those at peak b correspond to
�2p�5�t2g�5�eg�2 or higher excitation configurations.

�2� The spatial distribution of the Madelung potential,
VMP�r�, was examined for four crystals, i.e., PE, RS, SP, and
LRS. The shape and the area of the white zone in Fig. 3
��VMP�0� are clearly dependent on the crystal structure.

Relative energy (eV)

In
te
ns
ity
(a
rb
.u
ni
ts
)

0 10-10 205 15-5 25-15

R=2.2 Å
a

b
c

d
e

a
b
c

d e

a
b
c

d
e

a
b
c

d
e

a
b
c

d
e

Isolated cluster

10Dq=1.16
eV

10Dq=1.33

10Dq=1.57

10Dq=1.87

10Dq=2.30

0 10-10 205 15-5 25-15

R=1.8 Å

R=1.9 Å

R=2.0 Å

R=2.1 Å

FIG. 9. �Color online� Theoretical Co-L2,3 XANES for isolated
clusters in Oh symmetry with varying Co-O bond lengths, R.

Co3+

∆ρ (/Å3)

1 Å

>0.1

<-0.1

-0.05

0.05
0O2-

O2-

O2-

O2-

LRS: 1+ cation
PE: empty

LRS: 3+ cation
PE: empty

LRS: 1+ cation
PE: empty

LRS: 3+ cation
PE: empty

0.7

0.8

0.9

1

<
r>

e g
(Å
)

2.02 Å

1.92 Å

1.82 Å

1.5 2 2.5 3
10Dq (eV)

PE
SP

LRS

RSisolated

�EMP
increase

isolated
PE

SP
LRS

RS

(a)

(b)

FIG. 10. �Color online� �a� Difference in partial charge distribu-
tions of the eg orbitals between PE and LRS with R=1.92 Å, �	
=	LRS-	PE. �b� Averaged radial distance of eg orbitals, �r�eg

, calcu-
lated for different Madelung potential and R, as a function of 10Dq.
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The white zone is the largest in PE and second largest in RS.
The strength of the Madelung potential for the Co-3d orbitals
is evaluated by adopting a quantity, �EMP, as defined by Eq.
�5�. As expected from the map, �EMP of PE, which has the
largest white zone of �VMP�r�, is almost insensitive to the
different fractions of the Madelung potential, Q �Fig. 4�.
�EMP shows a linear correlation with 10Dq �Fig. 5�.

�3� The relative height of subpeak b to main peak a, Ib / Ia,
and the relative energy of subpeak b to main peak a, Eb
−Ea, were used to characterize the spectral shape. They do
not change markedly with Q in PE, contrary to those in LRS,
RS, and SP �Fig. 6�. In addition, they are simply determined
by �EMP independently of the crystal structures when coor-
dination distance, R, is fixed �Fig. 7�.

�4� When R is fixed, Ib / Ia is closely related to 10Dq in the
ground state �Fig. 8�. However, Ib / Ia is dependent not only

on 10Dq but also on R �Fig. 8�. This can be explained by
considering the spatial distribution of the average radius of
the eg orbitals, i.e., �r�eg

�Fig. 10�. The correlation between
�EMP and 10Dq is opposite that between R and 10Dq �Fig.
10�. These results indicate that different reduction parameters
are required for different crystal structures in order to ana-
lyze the experimental spectra by the crystal-field atomic-
multiplet technique.
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