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Abstract
X-ray-absorption near-edge structures (XANES) at 3d transition-metal (TM) L2,3 edges are
computed using the all-electron configuration interaction (CI) method. Slater determinants for
the CI calculations are composed of molecular orbitals obtained by density functional theory
(DFT) calculations of model clusters. Relativistic effects are taken into account by the
zeroth-order regular approximation (ZORA) using two-component wavefunctions. The
theoretical spectra are found to be strongly dependent on the quality of the one-electron basis
functions. On the other hand, a different choice of the exchange–correlation functionals for the
DFT calculations does not exhibit visible changes in the spectral shape. Fine details of multiplet
structures in the experimental TM L2,3 XANES of MnO, FeO and CoO are well reproduced by
the present calculations when the one-electron basis functions are properly selected. This is
consistent with our previous report showing good agreement between theoretical and
experimental TM L2,3 XANES when four-component relativistic wavefunctions were used.

1. Introduction

3d transition-metal (TM) compounds play major roles in
modern material science and engineering, such as diluted
magnetic semiconductors and colossal magnetoresistive mate-
rials. X-ray-absorption near-edge structures (XANES) at TM
L2,3 edges, which mainly correspond to the electronic dipole
transitions of 2p1/2 and 2p3/2 core electrons to unoccupied
3d orbitals, are quite useful to investigate the electronic and
magnetic states of 3d electrons [1–12]. In order to interpret
experimental spectra, theoretical spectra are often utilized as
fingerprints. It is well known that the 3d TM L2,3 XANES
cannot be reproduced by a single-particle method such as
band calculations based on density functional theory (DFT).
Because of the strong inter-electron interactions among the
core hole, excited electron and 3d electrons, the TM L2,3

XANES is strongly modified from the empty 3d density of
states. This is known as the multiplet effect. In order to

treat the excitation from core orbitals, the relativistic effects
should be considered. Recently the present authors’ group has
developed a first-principles many-electron method to calculate
TM L2,3 XANES using a fully relativistic configuration
interaction method (CI) [7–12]. The CI calculations were
made as a post-self-consistent field (SCF) process. We have
demonstrated that it successfully reproduced the experimental
spectra including fine structures. It has already been applied to
some realistic problems, for example, to the study on the local
structures of Mn impurities in GaN and Ga2O3 [13, 14] Charge
states of Ni oxides were identified by a combination of Ni
L2,3 electron-energy-loss near-edge structures (ELNES) with
such calculations. ELNES obtained by transmission electron
microscopy reflects the same electronic transition as that of
XANES [10].

In the present study, we examine the dependence of
theoretical TM L2,3 XANES on the quality of the basis
sets and exchange–correlation functionals in the all-electron
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CI calculations. Since our CI program is designed to
be independent of the DFT-SCF process, it is possible
to make the combination with any one-electron calculation
code. Here we report the all-electron CI results employing
a molecular orbital program using Slater-type orbitals as
basis functions as implemented in ADF (Amsterdam density
functional) code [15]. In this code, the relativistic effects
are evaluated within the zeroth-order regular approximation
(ZORA) using two-component relativistic wavefunctions. This
is an approximated way of using four-component relativistic
wavefunctions to solve the Dirac equations. ZORA is known
to be accurate in the computation of the magnitude of the spin–
orbit coupling [16–19]. A recent work demonstrated that Ti-
2p core excitation spectra of tetravalent Ti complexes can be
satisfactorily reproduced by time-dependent DFT calculations
using ZORA [20]. Since we used the four-component
relativistic wavefunctions to solve the Dirac equations in our
previous works, we can examine the validity of the use of
ZORA for the CI calculations of 3d TM L2,3 XANES in the
present study.

Here, we have selected three TM mono-oxides with a
rocksalt structure, i.e. MnO, FeO and CoO as benchmark
systems. After discussing the reproducibility of experimental
TM L2,3 XANES by the present method, we examine the
dependence of the theoretical spectra on the quality of one-
electron basis functions and exchange–correlation functionals.

2. Computational details

Relativistic CI calculations for TM-L2,3 XANES of MnO (d5),
FeO (d6) and CoO (d7) were made using model clusters which
are composed of one TM ion and six coordinated oxide ions.
Atomic positions were obtained from the experimental crystal
structures [21–23]. The point group symmetry of the model
clusters is Oh and the bond length between metal and oxygen
of MnO, FeO and CoO is 2.223 Å, 2.163 Å and 2.132 Å,
respectively. The total numbers of electrons in model clusters
were determined from formal charges of the ions. Therefore
all the clusters can be expressed as TMO6

10−.
At first, relativistic molecular orbital calculations were

carried out by the ADF2006.01 code [15] with the ZORA. The
one-electron Hamiltonian, h(r), in ZORA is expressed as

hZORA(r) = σ ·p c2

2c2 − (vnuc(r) + ve(r))
σ ·p+vnuc(r)+ve(r),

(1)
where σ = (σx , σy, σz) are Pauli’s spin matrices, vnuc(r)
is the electrostatic potential from nuclei and ve(r) is the
Coulomb and exchange–correlation potentials from the other
electrons [16–19]. Since h(r) holds a 2 × 2 matrix, the
eigenfunctions of h(r) have two components. The first term
of h(r), which is the kinetic energy operator, contains the
Coulomb and exchange–correlation potential operator ve(r).
Thus we need to solve these equations self-consistently in
principle. However, it is prohibitively time-consuming. In the
present calculations, vnuc(r) and ve(r) inside the kinetic energy
operator were replaced by the sum of the potentials of the
neutral spherical reference atoms VSA. This procedure is called

the sum of atoms potential approximation [16]. The Vosko–
Wilk–Nusair (VWN) functional or the Xα functional (α = 0.7)
for the local density approximation (LDA) were used as the
exchange–correlation term. An MO was expressed as the linear
combination of Slater-type orbitals (STO). In the present work,
we made a series of MO calculations using five different basis
sets, i.e. single-ζ (SZ), double-ζ (DZ), DZ augmented with a
set of polarization functions (DZP), triple-ζ augmented with
a set of polarization functions (TZP) and triple-ζ augmented
with two sets of polarization functions (TZ2P) for all atoms.
These basis sets were supplied with the code [24]. Core orbitals
were explicitly considered in the self-consistent calculations.

After the DFT-SCF calculations, the all-electron CI
calculations were made. The many-electron Hamiltonian is
described as

H =
N∑

i=1

[
hZORA(ri ) − ve(ri)

]
+

N∑

i=1

∑

j<i

1

|ri − r j | . (2)

The many-electron wavefunctions are expanded as linear
combinations of Slater determinants as given by

�i =
M∑

p=1

Cip�p, (3)

where �i is the i th many-electron wavefunction, �p is the pth
Slater determinant, Cip is its coefficient and M is the number
of Slater determinants. In our previous TM L2,3 XANES
calculations, Slater determinants were constructed only from
the MOs that are mainly composed of TM-2p, 3d and O-2p
orbitals [9]. The electronic interactions to the other electrons
were treated within the framework of DFT. In the present
work, all MOs obtained by the DFT-SCF calculations were
considered explicitly to construct the Slater determinants. In
other words, all-electron CI calculations were performed.

The CI method in which all of the available determinants
are included in the variational procedure is called full CI.
Although the full CI is the most accurate method within the
given MO basis set, it is prohibitively expensive in most cases.
A common approximation to the full CI is the truncation of
the Slater determinants at various levels of excitations. In the
case of TM L2,3 XANES, only one electron is excited from
the 2p core orbitals. So we merely consider the determinants
with (TM-2p)6(TM-φ3d)

N configuration for the initial state
and (TM-2p)5(TM-φ3d)

N+1 configuration for the final states,
where N is the number of 3d electrons in the initial state. Then,
the other electrons, namely TM-1s, 2s, 3s, 3p and O-1s, 2s,
2p electrons, are assumed to be fully occupied throughout the
absorption process.

After diagonalizing the many-electron Hamiltonian ma-
trix, we calculated the oscillator strengths of the absorption.
Regarding the 3d TM L2,3 XANES, the absorption process
reflects the electric dipole transition from TM-2p core orbitals
to TM-3d orbitals. The oscillator strength of the electric dipole
transition averaged over all directions was evaluated by

Ii f = 2
3 (E f − Ei )

∣∣∣∣〈�i |
n∑

k=1

rk |� j〉
∣∣∣∣
2

, (4)
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Figure 1. Theoretical TM L2,3 XANES in comparison to experimental spectra. (TZ2P and VWN).

where �i and � j are many-electron wavefunctions for the
initial state and the final state with energies of Ei and E j .
The calculated oscillator strengths were broadened by the
Lorentzian function with a full width at half-maximum of
0.5 eV. This CI method is known to overestimate the absolute
absorption energy systematically. This can be ascribed to the
truncation of the Slater determinants, or the lack of minor
contribution of the electronic correlations. In the present study,
we have evaluated the absolute absorption energy from Slater’s
transition state of the one-electron calculations. The detail of
the calculation technique was described elsewhere [7].

3. Results and discussions

Relativistic molecular orbital (MO) calculations were carried
out for MnO, FeO and CoO using TMO6 clusters within
ZORA. We used TZ2P basis sets and the VWN potential for
those calculations. Then, the all-electron CI calculations for
TM L2,3 XANES were carried out using the two-component
MOs. First we discuss about the initial states for TM L2,3

XANES. The numbers of Slater determinants of MnO (d5),
FeO (d6) and CoO (d7) for initial states, which depend on
the number of combinations of d electrons’ allocation, are
252 (=10C5), 210 (=10C6) and 120 (=10C7), respectively.
Under Oh symmetry, the degenerate d orbitals are divided
into triply degenerated t2g orbitals and doubly degenerated eg

orbitals in the non-relativistic description. We classified the
Slater determinants according to the occupation numbers of t2g

orbitals and eg orbitals for simplicity. In MnO, the 252 Slater
determinants are classified into five configurations, namely
(t2g)

5(eg)
0, (t2g)

4(eg)
1, (t2g)

3(eg)
2, (t2g)

2(eg)
3 and (t2g)

1(eg)
4

configurations. Considering the orthonormality of the Slater
determinants, the composition of the pth Slater determinant
of the i th many-electron wavefunction is given by |Cip|2. In
table 1, the compositions of the electronic configurations at the
ground states are listed. The present results are consistent with

Table 1. Composition of each configuration at the ground state for
three TM mono-oxides.

Configuration Composition (%)

MnO (t2g)
5(eg)

0 0.0

(t2g)
4(eg)

1 2.1

(t2g)
3(eg)

2 96.8

(t2g)
2(eg)

3 1.1

(t2g)
1(eg)

4 0.0

FeO (t2g)
6(eg)

0 0.0

(t2g)
5(eg)

1 1.3

(t2g)
4(eg)

2 96.7

(t2g)
3(eg)

3 2.0

(t2g)
2(eg)

4 0.0

CoO (t2g)
6(eg)

1 0.0

(t2g)
5(eg)

2 88.9

(t2g)
4(eg)

3 11.0

(t2g)
3(eg)

4 0.0

the results obtained by the DFT-CI calculations using four-
component MOs [9]. All ground states are mainly composed
of high spin states, namely (t2g)

3(eg)
2 for MnO, (t2g)

4(eg)
2

for FeO and (t2g)
5(eg)

2 for CoO. The major spin states are
consistent with those reported by experiments. In MnO and
FeO, the contributions of the other configurations to the ground
states are about 3%. In contrast, in CoO, that of the (t2g)

4(eg)
3

configuration is 11%. The inclusion of different configurations
as a result of CI is more important for the ground state of CoO.

Figure 1 shows theoretical TM L2,3 XANES of three
oxides and the oscillator strengths of electric dipole transitions
calculated by the CI using the two-component relativistic MOs.
They are compared with the experimental spectra reproduced
from [25, 26]. The numbers of final states of MnO, FeO
and CoO are 1260 (=6C5 × 10C6), 720 (=6C5 × 10C7) and
270 (=6C5 × 10C8), respectively. The theoretical spectra by

3
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Figure 2. Dependence of the theoretical Mn L2,3 XANES of MnO on
the one-electron basis set. All spectra are shifted so as to align the
main peak to that of the TZ2P spectrum. The dashed–dotted lines are
guides for the eyes.

ZORA show good agreement with the experimental spectra.
The characteristic features, such as relative peak positions
and relative intensities, are well reproduced. The splitting
between L3 and L2 edges can mainly be ascribed to the spin–
orbit coupling of core 2p orbitals, ζ2p. The calculated L3–L2

splitting by ZORA is quite close to that of the experimental
spectra. The results suggest that the ζ2p is well evaluated by
ZORA. The absolute values of transition energies are also well
evaluated by Slater’s transition-state calculations. Note that the
energy scales of the theoretical spectra are absolute values not
aligned to experimental spectra. The discrepancies between the
theory and the experiment are less than 1 eV.

A real intensity ratio of L3 peak to the sum of that for
L3 and L2 peaks, i.e. branching ratio, have been used to
correlate to the valence and spin state of the TM ions [27–32].
Thole and van der Laan have discussed the branching ratio in
detail [5]. They have concluded that the branching ratio is
determined by the electrostatic interaction between core hole
and valence electrons. The spin–orbit coupling of core 2p
orbitals and that of the 3d orbitals are also important. In our

Table 2. Calculated branching ratios for three TM mono-oxides.

Branching ratio

MnO 0.755
FeO 0.780
CoO 0.856

calculations, these values are evaluated in a first-principles
manner. Table 2 lists the branching ratios obtained in the
present study. All of them are larger than the statistical ratio,
namely I (L3)/[I (L3) + I (L2)] = 0.67, and it increases
as the atomic number of TM increases. These results are
consistent with those in the literature in experiments and
theory [9, 27, 28].

CI calculations are carried out with a finite number of
molecular orbitals and restricted electronic configurations.
Thus the many-electron eigenvalues and eigenstates depend
on the quality of MOs used in the CI calculation. In order
to investigate the dependence of the L2,3 XANES on MOs,
we have carried out a series of CI calculations using MOs
calculated with different atomic basis sets. Figure 2 shows
the theoretical Mn L2,3 XANES calculated using different STO
basis set, i.e. SZ, DZ, DZP, TZP and TZ2P. VWN functionals
were used for the exchange–correlation potential. We take
the spectrum shown in figure 1 as the reference. All the
other spectra were shifted so as to align with the main peak
at the L3 edge in the reference spectrum. One can see that
the theoretical spectrum obtained with the TZP basis set has
almost the same shapes with the reference spectrum. On the
other hand, the shapes of the other three spectra are far from
that of the reference. As can be seen in figure 2, when DZP
and DZ basis sets are used, the sub-peak A located at the
lower energy side of the L3 main peak vanishes and the L2

edge shows double peak features. In addition to them, when
the SZ basis set is used, the satellite peaks B located at the
higher energy region at the L3 edge also vanish and the L3–L2

splitting becomes about 3 eV smaller than that of the reference
spectrum. The results clearly indicate that the TM L2,3 XANES
strongly depends on the quality of the basis set in one-electron
calculations. We can explain these dependences from the point
of the quality of the MOs. The MO calculations using SZ, DZ
and DZP are considered not to incorporate the chemical bonds
between Mn and O sufficiently due to the small number of basis
functions. As a result of this, the calculated spectra do not
reproduce the experimental features well. In SZ calculations,
not only the chemical bonds but also the core orbitals are not
calculated properly because of the quite limited number of
basis functions. The dependence of the Mn L2,3 XANES on
the exchange–correlation potentials are shown in figure 3. Two
theoretical spectra shown in figure 3 were calculated using the
Xα potential (α = 0.7) and VWN potential, respectively, with
a TZ2P basis set. As can be seen, the calculated spectrum
using Xα potential is almost the same as that using the VWN
potential. The dependence of the multiplet structure at TM
L2,3 XANES on the exchange–correlation functionals in MO
calculations is much smaller than that of the basis function in
the present case.

4
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Figure 3. Dependence of the theoretical Mn L2,3 XANES of MnO to
the exchange–correlation functional. Results with VWN and
Xα(α = 0.7) functionals are compared. The Xα spectrum is shifted
so as to align the main peak of L3 edge to that of the VWN spectrum.
The dashed–dotted lines are guides for the eyes.

4. Summary and conclusions

All-electron CI calculations for the TM L2,3 XANES of
three 3d TM mono-oxides, namely MnO, FeO and CoO,
have been made using two-component relativistic MOs. The
relativistic effects were incorporated by ZORA. In addition
to the discussion of the reproducibility of the experimental
TM L2,3 XANES, we also examined the dependence of the
theoretical spectra on the quality of one-electron basis sets
and exchange–correlation functionals. The results can be
summarized as follows.

(1) The ground states of three compounds are mainly
composed of high spin configurations. The major spin
states are consistent with those reported by experiments.
In CoO, the contribution of the second dominant
configuration, (t2g)

4(eg)
3 is 11%. The inclusion of

different configurations is more important for the ground
state of CoO rather than for those of MnO and FeO.

(2) All-electron CI calculations incorporating the relativistic
effects through ZORA reproduced the relative positions,
relative intensities and L3–L2 splittings observed in
experimental spectra. The absolute absorption energies
were also well evaluated by Slater’s transition-state
calculations.

(3) The calculated branching ratios are larger than the
statistical ratio and increase with the atomic number
of TM. These results are consistent with those in the
literature both by experiments and theory.

(4) The theoretical Mn L2,3 XANES of MnO strongly depends
on the quality of the basis set in MO calculations. On the
other hand, the dependence of the Mn L2,3 XANES on
the exchange–correlation functionals in MO calculations
is much smaller than that of the basis function.
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