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Abstract The ligand field density functional theory (LFDFT)
algorithm is extended to treat the electronic structure and
properties of systems with three-open-shell electron configu-
rations, exemplified in this work by the calculation of the core
and semi-core 1s, 2s, and 3s one-electron excitations in com-
pounds containing transition metal ions. The work presents a
model to non-empirically resolve the multiplet energy levels
arising from the three-open-shell systems of non-equivalent
ns, 3d, and 4p electrons and to calculate the oscillator
strengths corresponding to the electric-dipole 3dm → ns13d-
m4p1 transitions, with n = 1, 2, 3 and m = 0, 1, 2, …, 10
involved in the s electron excitation process. Using the con-
cept of ligand field, the Slater-Condon integrals, the spin-orbit
coupling constants, and the parameters of the ligand field po-
tential are determined from density functional theory (DFT).
Therefore, a theoretical procedure using LFDFT is established
illustrating the spectroscopic details at the atomic scale that
can be valuable in the analysis and characterization of the
electronic spectra obtained from X-ray absorption fine struc-
ture or electron energy loss spectroscopies.

Keywords Ligand field density functional theory (LFDFT) .

Three-open-shell electron configuration .Multiplet structure
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Introduction

Ligand field theory is a very successful concept in describing
the bonding regime and the electronic properties of transition
metal as well as rare-earth ions in coordination compounds
with or without open-shells [1–5]. It is a phenomenological
model developed 80 years ago in the work of John Hasbrouck
van Vleck [6] and Hans Bethe [7]. At the very beginning
ligand field theory was operated with only empirical parame-
ters [6, 7]. However in the last few decades, the ligand field
concept was often used in conjunction with first principles
modeling studies either at the wavefunction [8–10] or density
functional levels of theory [11–15]. The important growth of
computational technics also has a non-negligible impact on
the development of non-empirical ligand field calculation.
Twenty years ago, the original paper of Claude Daul and
Mihail Atanasov [16] set the basis of the ligand field and
density functional theory (DFT) calculation, which is named
by the acronyms LFDFT. The theoretical model, operated on-
ly with single-open-shell of d or f electrons, has solved chem-
istry problems related to electron structure effect such as zero
field splitting (ZFS) [17, 18], Zeeman interaction, hyper-fine
splitting (HFS) [19], magnetic exchange coupling [14, 20],
shielding constants [21, 22] etc. The motivation for this theo-
retical model itself was the explicit treatment of near degen-
eracy correlation using ad hoc configuration interaction within
the active space of the Kohn-Sham molecular orbitals with
dominant d or f character [16]. This configuration interaction
treatment is based on a symmetry decomposition in the full
rotation group and on a ligand field analysis of the energies of
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all the single determinant (microstates) arising from this active
space expressed by means of first principles DFTcalculations.
The computational innovation at this stage of the model de-
velopment consists of the formulation of the multi-
determinental concept in DFT using the average of configura-
tion (AOC) approach [16], i.e., the active space is fundamen-
tally distinguished within anAOC occupation of frozenKohn-
Sham molecular orbitals (KS), eventually with fractional oc-
cupations of the d or f orbitals.

Recently (cf. the work of Harry Ramanantoanina et al.
[23–28]), the LFDFT method was extended to handle the
electronic structure and properties arising from two-open-
shell electron configurations for the description of the
photophysical properties of lanthanide based phosphors.
Presently, the LFDFT is again extended in this work to ac-
count for the electronic structure and properties arising from
excited three-open-shell electron configurations resulting, in
principle, from the excitations of core or semi-core electrons,
which are visible in soft or hard regime X-ray absorption fine
structure spectroscopy [29–35] as well as in energy loss spec-
troscopy [36, 37].

Herein we present a fully theoretical work based on
LFDFT to solve non-empirically the multiplet structure aris-
ing from three-open-shell electron configurations. The model
is illustrated by the calculation of the electronic structures and
properties of transition metal compounds considering the ex-
cited ns13dm4p1 electron configuration, with n = 1, 2, 3 and
m = 0, 1, 2, …, 10. More especially, we study the transition
metal Mn2+ ion as well as the complex (Mn(H2O)6)

2+ in pro-
viding a detailed analysis of the spectroscopy and the micro-
scopic origin of the core and semi-core 1s or 2s or 3s one-
electron excitation process. Hence, the oscillator strengths of
the electric-dipole allowed 3d5 → ns13d54p1 transitions of
Mn2+ in the free ion and in the complex (Mn(H2O)6)

2+ are
calculated. The results can be used as reference studies to
analyze and to characterize experimental spectra obtained
from X-ray absorption or electron energy loss spectroscopies.
The choice of the Mn2+ ion and its aqua complex has practical
reasons. First, the ground electron configuration of Mn2+ is
3d5, giving rise to the largest possible ligand field Hamiltonian
in this system. Moreover, the atomic structure of the complex
(Mn(H2O)6)

2+ has a high symmetrical cubic arrangement, be-
longing to the Th point group. This is further comforted by the
high-spin (6Ag) ground state of Mn2+ in this compound, mak-
ing any possible Jahn-Teller distortion [38, 39] negligible.
Eventually, the presence of the inversion center in the Th point
group allows us to neglect the impact of the 3d5 → ns13d6

transitions, although they can also be calculated by means of
the LFDFT. These transitions are strictly speaking not electric-
dipole allowed, but they are often visible in the observed X-
ray absorption spectra of transition metal compounds [40–43],
more importantly when non-centro-symmetric objects are in-
vestigated. [44–47].

Methods

The DFT calculations were carried out by means of the
Amsterdam Density Functional (ADF) program package
(ADF2014.01) [48–50]. We stress that ADF is a DFT
code that has the set of keywords facilitating the AOC
calculations and Slater determinant emulation needed by
the LFDFT procedure [16]. The local density approxima-
tion (LDA) functional SVWN [51] was used to determine
the geometry of the complex (Mn(H2O)6)

2+. The electron-
ic ground state of this complex belongs to the 6Ag term
originating from the 3d5 electron configuration of Mn2+.
Therefore the minimum energy structure is obtained by
unrestricted self-consistent-field (SCF) calculation
constraining the spin multiplicity to six and the atomic
structure of the complex to the Th point group. The opti-
mized minimum energy structure of (Mn(H2O)6)

2+ results
bond distances (in Å) of 2.0978 and 0.9785 for Mn–O and
O–H, respectively. Then based on this LDA minimum
energy structure, the generalized gradient approximation
(GGA) functional (PBE) [52] was used to compute the
electronic structure related to the ground 3d5 and the ex-
cited ns13d54p1 electron configurations of Mn2+, with
n = 1, 2, 3, in the free ion as well as in the aqua-
complex and the related optical properties. Following the
LFDFT procedure [16, 28], the Slater-Condon integrals,
the spin-orbit coupling constants, and the ligand field pa-
rameters are obtained from the radial functions and the
eigenvalues of the molecular Kohn-Sham orbitals having
dominant 1s, 2s, 3s, 3d, and 4p characters.

The LFDFT, which will be available soon in the ADF pro-
gram package [48–50], implies single-point restricted SCF
calculations without symmetry constraint (C1 point group)
based on a minimum energy atomic structure with equal
smearing of electrons to represent the electron configuration
systems. This is achieved byAOC occupation schemes, where
we insure that five electrons are evenly distributed in the 3d
orbitals of Mn2+ to comply with the ligand field concept [16,
28] considering the ground electron configuration, whereas
one electron is promoted from the core and semi-core 1s or
2s or 3s orbitals and is evenly distributed in the 4p orbitals
considering the excited electron configurations. The molecu-
lar orbitals were expanded using triple-zeta plus two polariza-
tion Slater-type orbital (STO) functions (TZ2P+) for the man-
ganese atoms and triple-zeta plus one polarization STO func-
tion (TZP) for the oxygen and hydrogen atoms.

Results and discussion

The ligand field master equation allows representation of the
effective Hamiltonian operator with respect to quantum effects
due to electron-electron repulsion and exchange (HER), spin-
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orbit coupling interaction (HSO), and ligand field splitting
(HLF):

H ¼ H0 þ HER þ HSO þ HLF ð1Þ
where, the matrix elements of H (Eq. 1) are expressed on the
basis of single determinants of spin-orbitals (Slater-
determinants) arising from the electron configuration of
multiple-open-shell systems, for example in the present stud-
ies of ns13dm4p1 configurations, with n = 1, 2, 3 and m = 1, 2,
…, 10. The diagonalization of H yields eigenvalues also
known as multiplet energy levels arising from the electron
configuration from which the effective Hamiltonian operates.

The term for the electron-electron repulsion and exchange
in Eq. 1 is based on the central-field approximation and per-
turbation theory of Slater: [53, 54]

HER ¼ ∑
k¼2;4

Fk ddð Þ f k ddð Þ þ F2 pdð Þ f 2 pdð Þ

þ ∑
k¼1;3

Gk pdð Þgk pdð Þ þ G1 spð Þg1 spð Þ

þ G2 sdð Þg2 sdð Þ ð2Þ

where, the matrix elements of HER are constructed in terms of
the Slater-Condon integrals F and G representing the
Coulomb and exchange interactions, respectively; and the an-
gular coefficient f and g (Eq. 2). [53–55].

Eq. 2 is valid for any system belonging to the present
s1dmp1 electron configuration but it can be extended to ac-
count for any three-open-shell systems by providing appropri-
ate supplementary terms, which represent both Coulomb and
exchange electron repulsions within two shells. Note that the
zeroth order Slater-Condon parameters F0(sp), F0(dp), F0(ss),
F0(dd), and F0(sd) are omitted in Eq. 2 because they are al-
ready merged with the termH0 present in Eq. 1, whose matrix
elements are diagonal:

H0 ¼ IN 3dmð Þ:0 0ð Þ
0ð Þ IN ns13dm4p1ð Þ:Δ

� �
ð3Þ

where, Δ is the parameter, which represents the energy gap
between the ground (3dm) and excited (ns13dm4p1) electron
configurations. Δ is calculated from DFT as the difference
between the total electronic energies of the complex having
the excited and the ground electron configurations. The ana-
lytical form ofΔ depends on the number of valence electrons
present in the d orbitals (i.e., the constant m), for instance for
m = 5 we obtain the following:

Δ ¼ hp−hs þ F0 spð Þ þ 5F0 dpð Þ−F0 ssð Þ−5F0 sdð Þ
þB0

0 ppð Þ−B0
0 ssð Þ þΔ0 ddð Þ ð4Þ

where, hp. and hs are one-electron terms corresponding to the
kinetic and electron-nuclear energies and Δ0(dd) is the

variation of the quantity hd + 10F
0(dd) + B00(dd) in the excited

ns13d54p1 and the ground 3d5 electron configurations. The B
parameters represent the ligand field interaction, which will be
discussed in next paragraph. We note that Δ contains many
different terms (Eq. 4), although those terms cannot be dis-
criminated separately from the DFT calculation.

In Eq. 3, IN is an identity matrix of rankN; andN represents
the dimension of the Hilbert space given by the total number
of single determinants of spin-orbitals arising from the
multiple-open-shell electron configurations. The dimension
N is determined using combinatoric formulas. In the ground
dm configuration, N can be determined as follows:

N 3dmð Þ ¼ 10
m

� �
ð5Þ

with respect to the number (m) of valence electrons present in
the d orbitals. On the other hand in the excited ns13dm4p1

configuration, independent of the n value we obtain a more
complicated formula, which takes into consideration three
non-equivalent electrons in s, d, and p shells:

N ns13dm4p1
� � ¼ 2

1

� �
10
m

� �
6
1

� �
ð6Þ

The calculated values of N(ns13dm4p1) are listed in Table 1
considering m = 0, 1, 2, …, 10; together with the generated
spectral terms due to the atomic contribution (HER) in the
ligand field Hamiltonian. The number of Slater-determinants
reaches its highest values for the ns13d54p1 system with 3024
microstates, whose calculation is feasible within the actual
status of the LFDFT algorithm. We do not list in Table 1 the
calculated values of N(3dm) together with the related spectral
terms since they are well known, and easily found elsewhere
in textbooks [56, 57].

The term for the spin-orbit coupling interaction in Eq. 1 is
obtained as the product of one-electron spin-orbit coupling
constants ζ3d and ζ4p, calculated by means of the zeroth order
regular approximation (ZORA) implemented in the ADF pro-
gram package [48–50], with angular coefficients (dd and dp),
which depend on the spin and angular momentum operators
defined in terms of spherical harmonics of order l = 2 and l = 1
for the d and p electrons, respectively:

HSO ¼ ζ3ddd þ ζ4pdp ð7Þ

The spin-orbit coupling interaction transforms the spectral
terms presented in Table 1 into spin-orbit components. For
example, the energies of the 3P state belonging to the ns13-
d04p1, ns13d24p1 and ns13d44p1 electron configurations (see
Table 1) will be split by spin-orbit into 3P0,

3P1, and
3P2 levels.

The term for the ligand field splitting in Eq. 1 represents the
contribution of the chemical environment of the metal ion on
the electronic structure. We use the Wybourne formalism [58]
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with the Wybourne-normalized crystal field parameters B and
the spherical harmonic tensor operator C acting only on the d
and p orbitals:

HLF ¼ ∑
k¼0;2;4

∑
k

q¼−k
Bk
q ddð ÞC kð Þ

q þ ∑
k¼0;2

∑
k

q¼−k
Bk
q ppð ÞC kð Þ

q þ

þ ∑
k¼1;3

∑
k

q¼−k
Bk
q pdð ÞC kð Þ

q þ ∑
2

q¼−2
B2
q sdð ÞC 2ð Þ

q ð8Þ

The expansion of the ligand field potential in terms of the
spherical harmonics basis (Eq. 7) is always limited by sym-
metry constraint [59]. In the present studies of aqua complexes
of transition metal ions (see Introduction) belonging to the
high symmetrical Th point group (see Fig. 1), only the param-
eter B4

0(dd) is significant (Eq. 9) [59]. The s and p orbitals
belong to the ag and the threefold degenerate tu irreducible
representations (irreps) of the Th point group, respectively,
i.e., their energies are not split by the ligand field effect. On
the other hand, the d orbitals belong to the eg and tg irreps.
Their energies are split by ligand field effect into two groups
forming the basis of the tg and eg irreps, which are constituted
by (dxy, dxz, dyz) and (dz2, dx2-y2) components of the 3d or-
bitals, respectively. In Eq. 9, the parameters of the ligand field
potential are calculated using the quantities <eg|HLF|eg > and
<tg|HLF|tg > representing the energies of the eg and tg molec-
ular Kohn-Sahm orbitals of dominant 3d characters of Mn2+

obtained from DFT.

B4
0 ddð Þ ¼ 21

10
eg
� ��HLF eg

�� �
− tg
� ��HLF tg

�� �� � ð9Þ

In this work, the Slater-Condon parameters are determined
non-empirically from the radial functions of the Kohn-Sham
orbitals with dominant 1s, 2s, 3s, 3d, and 4p characters. We

must point out that the shape of the radial function is strongly
dependent on the ligand field potential, a phenomenology
commonly recognized by the term nephelauxetic effect [60].
Depending to the bonding regime between the 3d orbitals and
the ligands, we obtain five types of radial functions for R3d. In
principle, they all have identical symmetry and they corre-
spond to the calculated radial functions for the 3dxy, 3dxz,
3dyz, 3dz2, and 3dx2-y2 components of the 3d orbitals. In Fig.
2, the radial functions of molecular orbitals with dominant 3d
characters of Mn2+ in the free ion and in the complex
(Mn(H2O)6)

2+ are presented. In the free ion, the five radial
functions are all equivalent since the energies of the fivefold
3d orbitals are degenerate. On the other hand in the complex,
we obtain two different sets of radial functions as illustrated in
Fig. 2 with respect to the blue and the green colored curves.

In Fig. 2, the blue curves represent R3dxy, R3dyz, and R3dxz

forming the basis of the tg molecular orbitals whereas the

Fig. 1 Schematic representation of the complex (Mn(H2O)6)
2+

belonging to the Th point group. Color code: Mn2+ in violet, O in red,
and H in blank

Table 1 All multiplets and
number of microstates N
corresponding to the excited
ns13dm4p1 electron
configurations of transition metal
ions with any value of n and m

Configuration N Spectral termsa

ns13d04p1 and
ns13d104p1

12 1P & 3P

ns13d14p1 and
ns13d94p1

120 2 × 2P, 2 × 2D, 2 × 2F, 4P, 4D & 4F

ns13d24p1 and
ns13d84p1

540 1S, 3 × 1P, 2 × 1D, 3 × 1F, 2 × 1G, 1H, 2 × 3S, 4 × 3P, 5 × 3D, 4 × 3F, 3 × 3G,
3H, 5S, 5P, 2 × 5D, 5F & 5G

ns13d34p1 and
ns13d74p1

1440 3 × 2S, 7 × 2P, 10 × 2D, 9 × 2F, 7 × 2G, 4 × 2H, 2 × 2I, 3 × 4S, 5 × 4P, 8 × 4D,
6 × 4F, 5 × 4G, 2 × 4H, 4I, 6S, 6P, 2 × 6D & 6G

ns13d44p1 and
ns13d64p1

2520 2 × 1S, 7 × 1P, 8 × 1D, 9 × 1F, 7 × 1G, 5 × 1H, 1I, 1K, 4 × 3S, 10 × 3P,
14 × 3D, 14 × 3F, 11 × 3G, 7 × 3H, 4 × 3I, 3 K, 2 × 5S, 5 × 5P, 7 × 5D,
6 × 5F, 4 × 5G, 2 × 5H, 5I, 7P, 7D & 7F

ns13d54p1 3024 3 × 2S, 12 × 2P, 15 × 2D, 17 × 2F, 12 × 2G, 9 × 2H, 4 × 2I, 2 × 2 K, 2 × 4S,
10 × 4P, 11 × 4D, 13 × 4F, 9 × 4G, 6 × 4H, 2 × 4I, 4 K, 6S, 4 × 6P, 3 × 6D,
3 × 6F, 2 × 6G, 6H & 8P

a for all entries in the table, the number in front of the spectral terms (e.g., 3 × 2 S) denotes the multiple occurrence
of the multiplet 2 S in this electron configuration
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green curves represent R3dz2, and R3dx2-y2 part of the eg.
Therefore we have to construct an average radial function
R3d illustrated in Fig. 2 by the dashed magenta curve, which
complies with the principle of ligand field theory. [16, 28].
With this, for the ground electron configurations containing
d electrons only, the following Slater-Condon parameters are
requested:F2(dd) and F4(dd). They are calculated with resepct
to the averaged radial function R3d (see Fig. 2) obtained from
DFTAOC calculation of the ground electron configuration of
Mn2+ by means of Eq. 10.

Fk ddð Þ ¼ ∫∞0 ∫
∞
0

r< k

rkþ1
>

R2
3d r1ð ÞR2

3d r2ð Þr21r22dr1dr2 ð10Þ

The calculated F2(dd) and F4(dd) parameters together with
the spin-orbit coupling constant ζ3d and the parameter B4

0(dd)
are listed in Table 2 for Mn2+ in the free ion and in the com-
plex (Mn(H2O)6)

2+ obtained from DFT AOC calculation of
the ground 3d5 electron configuration of Mn2+. The
nephelauxetic constants β [60], which represent the ratio be-
tween the calculated parameters in the complex and in the free
ion, are also listed in Table 2. Using the parameters in Table 2,
we obtain the following energies for the absorption bands of
d-d transitions (in eV) of (Mn(H2O)6)

2+ (for clarity and for
comparison with available experimental results, we use the
irreps of the O point group and drop the terms from spin-
orbit coupling interaction): 0.0000 (6A1), 2.1175 (4T1),
2.6901 (4T2), 3.0646 (4A1,

4E), 3.5373 (4T2), 3.8248 (4E),
4.2922 (4T1). The experimental deduced energies (in eV)
are: 0.0000 (6A1), 2.3311 (4T1), 2.8642 (4T2), 3.0998 and
3.1308 (4A1,

4E), 3.4842 (4T2), 3.6826 (4E), 4.0670 (4T1)

[56, 57]. Although we notice a slight shift of these energy
levels, the overall agreement between the theoretical and ex-
perimental results (vide supra) is very encouraging.

For the excited electron configurations containing s, d, and
p non-equivalent electrons, the following Slater-Condon pa-
rameters are left: G1(sp), G2(sd), F2(dp), G1(dp), G3(dp),
F2(dd), and F4(dd). The term F2(pp) is dropped since the p
orbitals accommodate only one electron in this work, which is
not the case if two or more electrons are placed in the orbitals.
The parameters F2(dd) and F4(dd) are calculated using Eq. 10
but with the averaged radial function R3d obtained from DFT
AOC calculation of the excited electron configuration of
Mn2+. We present, in Fig. 3, the average radial functions R1s,
R2s, R3s, R3d, and R4p of the Kohn-Sham orbitals with domi-
nant 1s, 2s, 3s, 3d, and 4p characters of Mn2+ in the free ion
and in the complex (Mn(H2O)6)

2+. These radial functions
(Fig. 3) are calculated from DFT using the AOC occupation
scheme evenly distributing one electron in the 1s or 2s or 3s
orbitals, five electrons in the 3d, and one electron in the 4p.
Therefore, we note that R3d differs from the excited (ns13d54-
p1) to the ground (3d5) electron configurations leading to dif-
ferent values of the parameters listed in Table 3.

The parameters G1(sp) and G2(sd) represent the repulsion
of electrons in the open-shell 1s or 2s or3 s orbitals with the 4p
and 3d, respectively. They are calculated in terms of the aver-
age radial functions R1s, R2s, R3s, R4p, and R3d obtained from
DFTAOC calculation of the excited electron configuration of
Mn2+ (Fig. 3) by means of Eq. 11 and Eq. 12.

G1 spð Þ ¼ ∫∞0 ∫
∞
0

r<
r2>

Rns r1ð ÞR4p r2ð ÞR4p r1ð ÞRns r2ð Þr21r22dr1dr2
ð11Þ

G2 sdð Þ ¼ ∫∞0 ∫
∞
0

r< 2

r3>
Rns r1ð ÞR3d r2ð ÞR3d r1ð ÞRns r2ð Þr21r22dr1dr2

ð12Þ

In the simplest case of s1d0p1 system (Table 1), the energy
separation between the 1P and 3P states represent 2/3 of the
value of G1(sp). The calculated values of G1(sp) and G2(sd)

0 1 2 3 4 5 6
0.00

0.25

0.50

0.75

1.00

r [Angstrom]

r.R
3d

Fig. 2 Representation of the radial functions R3dxy, R3dyz, R3dxz, R3dz2,
and R3dx2-y2 corresponding to the molecular Kohn–Sham orbitals with
dominant 3d characters of Mn2+ in the free ion (dashed black curve) and
in the complex (Mn(H2O)6)

2+ (solid green and blue curves) obtained from
an AOC calculation within the ground 3d5 electron configuration. The
dashed magenta curve represents the average radial function R3d used for
the LFDFT calculations (see text). The red and gray lines represent the
emplacement of the oxygen ligands and hydrogen atoms with respect to
the Mn2+ central ion

Table 2 Calculated parameters for the Slater–Condon integrals, the
spin–orbit coupling constants and the ligand field potential (in eV)
corresponding to the ground single-open-shell s2d5p0 electron
configurations of Mn2+ in free ion and in the complexes (Mn(H2O)6)

2+;
together with the nephelauxetic constant β (in [−])

Free Mn2+ ion Mn2+ in (Mn(H2O)6)
2+ β

F2(dd) 9.8478 8.0916 0.8217

F4(dd) 6.0964 4.9860 0.8179

ζ3d 0.0744 0.0659 0.8858

B0
4(dd) - 2.5706 -
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are listed in Table 3 consideringMn2+ in the free ion and in the
complex (Mn(H2O)6)

2+.
The parameters F2(dp), G1(dp), and G3(dp) represent the

repulsion of electrons in the open-shells 3d and 4p orbitals.

They are calculated in terms of the average radial functions
R4p and R3d in Fig. 3 by means of Eq. 13 and Eq. 14.

F2 dpð Þ ¼ ∫∞0 ∫
∞
0

r< 2

r3>
R2
3d r1ð ÞR2

4p r2ð Þr21r22dr1dr2 ð13Þ

Gk dpð Þ ¼ ∫∞0 ∫
∞
0

r< k

rkþ1
>

R3d r1ð ÞR4p r2ð ÞR4p r1ð ÞR3d r2ð Þr21r22dr1dr2
ð14Þ

The calculated values of F2(dp), G1(dp), and G3(dp) are
listed in Table 3. The parameters for the ligand field potential
as well as the spin-orbit coupling are also listed in Table 3
obtained from the DFTAOC calculation of the excited (ns13-
d54p1) electron configuration of Mn2+ in the free ion and the
complex (Mn(H2O)6)

2+. The multiplet energy levels arising
from the 1s13d54p1, 2s13d54p1, and 3s13d54p1 configurations
of Mn2+ are calculated using the quantities in Table 3, and
diagonalizing the ligand field Hamiltonian (Eq. 1), with a
ground state energy correction corresponding to the lowest
6S5/2 and

6Ag states of the 3d
5 configuration, respectively for

Mn2+ in the free ion and in the complex (Mn(H2O)6)
2+. The

results are graphically represented in Fig. 3.
The mechanisms of the core s electron excitation are in

principle characterized by the 3dm → ns1 3dm+1 and 3dm →
ns13dm4p1 electron transitions. The 3dm → ns13dm4p1 transi-
tions fulfill the electric-dipole selection rules because of the
mixing between s and p electrons. However, the 3dm → ns1 3-
dm+1 transitions are electric-quadrupole allowed, resulting in
principle to very small intensities relative to the dipole ones
[31, 56]. However, we note that the 3dm→ ns1 3dm+1 transitions
are often visible in the spectra of non-centro-symmetric com-
pounds [40–47]. The possible mixing between the 3d orbitals
with the 4p virtuals ensures a dipole character on the electron
transition mechanism. This is not discussed here since
(Mn(H2O)6)

2+ belongs to the high symmetric Th point group.
The intensities of the 3d5 → ns13d54p1 transitions are cal-

culated by means of the matrix elements of the electric dipole
moment operatorD (Eq. 15).D is the product between a radial
integral involving the radial function Rns and R4p of Kohn-
Sham orbitals of dominant ns and 4p characters (Fig. 3), and
an angular integral, which can be associated with the Clebsh-
Gordan coefficients: [56]

Dμ ¼
ffiffiffiffiffiffi
4π

p

3
Rnsh jr R4p

�� �
Y 0;0

� ��Y 1;μ Y 4;mp
�� � ð15Þ

D (Eq. 15) is used for the computation of the oscillator
strengths related to the 3d5 → ns13d54p1 transitions, by dis-
tributing its elements over the whole manifold of the multi-
electronic configuration interaction obtained from the ligand
field Hamiltonian (Eq. 1). In the free ion case, the oscillator
strengths are calculated taking as initial state the six-fold

Fig. 3 Representation of the radial wavefunctions Rns (in red) with n = 1
(top), 2 (middle), and 3 (botton), R3d (in blue) and R4p (in black)
corresponding to the molecular Kohn–Sham orbitals with dominant 1s,
2s, 3s, 3d, and 4p characters of Mn2+ in the free ion (dashed-curves) and
in the complex (Mn(H2O)6)

2+ (solid curves) obtained from AOC
calculations with 1s13d54p1 (top), 2s13d54p1 (middle), and 3s13d54p1

(bottom) electron configurations
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degenerate 6S5/2 state originating from the 3d5 electron con-
figuration of Mn2+. In the complex (Mn(H2O)6)

2+ case, the
initial state consists of the 6Ag ground state of the 3d

5 electron
configuration of Mn2+, whose energy is split by a very small
zero field splitting (in the magnitude of 10−4 eV). In both
cases, we consider as final states the whole manifold of the
ns13d54p1 multiplets. The calculated oscillator strengths are
also graphically represented in Fig. 4 using bar diagramms
placed above the multiplet energy levels.

The intensity plots are in arbitrary units, i.e., normalized to
unity for both oscillator strenghts and Gaussian convolution
(see Fig. 4). We use the Gaussian broadening of the oscillator
strengths with a half width of 0.2 eV since the model of spec-
tral shape often depends on many factors that are not always
tractable by pure first principles model [61, 62].

The calculations of the free Mn2+ ion show that the 3d5 →
ns13d54p1 transitions are characterized by two major bands
whose energy separation increases in terms of n (see Fig. 4,
left-hand-side). The peaks originate from the transition 3d5

(6S) → ns13d54p1 (6P), which fulfill the electric-dipole mo-
ment selection rules. The 6P state occurs exactly four times in
the multiplet of ns13d54p1 configurations (see Table 1).
Therefore we can determine the origin of the 6P states yielding
the two highest intensities as the direct product between the
ground state of 3d5 (i.e., 6S) with two electrons in both s and p
orbitals:

ns13d54p1→2S⊗6S⊗2P→ 7S þ 5S
� �

⊗2P
→8P þ 6P þ 6P þ 4P

ð16Þ

On the other hand, the two other 6P states have intensities
which are not discernable in Fig. 4. They results from the
direct product between two excited states of the 3d5 electron
configuration, namely the 4P and 4D states, with two electrons
in both s and p orbitals. The calculations of Mn2+ in the com-
plex (Mn(H2O)6)

2+ show that the calculated spectra of the 3d5

(6Ag) → ns13d54p1 still conserve the free ion characters with
two noticeably high intensity bands, especially for n = 2 and 3
(see Fig. 4, right-hand-side). It is obtained that the energy
separations between these two peaks are smaller in the metal
aquo-complex than in the free ion (see Fig. 4). The repulsion
between the ns and 3d electrons of the metal ion (parameter-
ized by the Slater-Condon G2(sd) (Eq. 12) quantities in
Table 3) is mainly responsible for this energy separation.
However, the smaller energy separations in the metal aquo-
complex indicate that the mean distance between the electrons
has increased, as results of the expansion of the radial func-
tions of the 3d orbitals toward the oxygen ligands (see also
Fig. 3). This expansion of the 3d radial functions is termed by
the nephelauxetic effect [60] and results in part from the re-
distribution of electrons within the metal complexes, for in-
stance due to the metal-ligand orbitals overlap. Besides, a
small redistribution of the intensities is also calculated (Fig.
4, right-hand-side) due to the influence of the spin-orbit cou-
pling interaction and the ligand field splitting on the atomic
spectral terms of the excited three-open-shell ns13d54p1

configurations.

Conclusions

We have shown that LFDFTcan be used to solve the electron-
ic structrure and properties of excited three-open-shell elec-
tron configurations. We have investigated the core and semi-
core s electron excitations in compounds, which contain tran-
sition metal ions taking explicitly the case of divalent manga-
nese ion as a practical example. Using the ligand field concept,
we have calculated parameters corresponding to the Slater-
Condon integrals, spin-orbit coupling constants, and ligand
field potential from density functional theory. Although our
results are yet independent of any experimental validation, we

Table 3 Calculated parameters
for the Slater–Condon integrals,
the spin–orbit coupling constants,
and the ligand field potential (in
eV) corresponding to the excited
three-open-shell 1s13d54p1,
2s13d54p1, and 3s13d54p1

electron configurations ofMn2+ in
free ion and in the complex
(Mn(H2O)6)

2+

Free Mn2+ ion Mn2+ in (Mn(H2O)6)
2+

1s13d54p1 2s13d54p1 3s13d54p1 1s13d54p1 2s13d54p1 3s13d54p1

F2(dd) 10.8368 10.9056 10.6063 5.1868 4.9245 5.1942

F4(dd) 6.7480 6.8017 6.6137 3.2127 3.0536 3.2221

Δ 6559.7 759.0 92.46 6556.6 755.8 90.30

G1(sp) 0.2253 0.1646 0.5746 0.1707 0.1059 0.3593

G2(sd) 0.0470 4.5975 11.1951 0.0312 2.9915 7.5041

F2(dp) 2.1957 2.1253 2.2589 3.8297 3.0547 3.7602

G1(dp) 0.9047 0.8356 0.9248 1.7833 1.3728 1.7958

G3(dp) 0.7752 0.7269 0.7965 1.2435 0.9636 1.2508

ζ3d 0.0946 0.0945 0.0818 0.0634 0.0614 0.0555

ζ4p 0.0822 0.0786 0.0791 0.0623 0.0509 0.0557

B0
4(dd) - - - 2.4843 2.4822 2.6985
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are convinced that the combination of first principles methods
with the ligand field analysis is a good way to understand the
relationship between electronic structures and optical proper-
ties of materials.

With this work, we intend to show a particular aspect of
doing science, which consists of developing models to de-
scribe and predict the photo-physical and magnetic properties
of metal compounds with strongly correlated d and f electrons.
To achieve this goal, like our friend and colleague Henry

Chermette, we frequently applied Occam’s principle (cf. the
English Franciscan friar William of Occam (c. 1287–1347)).
Briefly, it can be interpreted as: BAmong competing hypothe-
ses, the one with the fewest assumptions should be selected.^
The history of science is full of examples that illustrate this
principle very well. In our field, the most obvious ones consist
of using the resolution of the identity to calculate matrix ele-
ments in density functional theory or exploiting the symmetry
invariance of the Schrödinger equation. In this Festschrift

Fig. 4 Calculated multiplet energy levels (in red) arising from the excited
1s13d54p1 (in the top), 2s13d54p1 (in the middle), and 3s13d54p1 (in the
bottom) electron configurations of Mn2+ in the free ion (in the left-hand
side) and in the complex (Mn(H2O)6)

2+ (in the right-hand-side); together
with the intensities of the absorption 3d5 (6S5/2 in the free ion and 6Ag in

the complex) → ns13d54p1 transitions, with n = 1, 2, 3, i.e., oscillator
strengths (in black) of the electric-dipole allowed transitions. The green
curve represents the oscillator strengths convoluted with Gaussian bands
with a half width of 0.20 eV
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dedicated to Henry Chermette, we are pleased to present this
three-open-shell LFDFT concept to demonstrate that simple
theory can solve complex problems such as the optical man-
ifestation of non-equivalent s, d, and p electrons.

Acknowledgments This work is partly supported by Swissnuclear. We
also acknowledge the support from the ECOSTBio (COST Action
CM1305).
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